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The early Palaeozoic Wuyi–Yunkai orogen in the South China Block (SCB) is > 
2000 km long, and its evolution was linked to, and recorded by, the lower Palaeozoic 
Nanhua Basin. Understanding the orogenic processes and driving mechanism for the 
Wuyi–Yunkai orogeny is important for understanding the tectonic history of the SCB 
and its possible interactions with other continents during the early Palaeozoic, and 
for assessing the palaeopositions of South China during the transition from the 
break-up of Rodinia to the assembly of Gondwanaland. Sedimentary rocks in the 
Nanhua Basin may also record the nature and tectonic history of adjacent continents 
at the time. However, it is still debated whether the Wuyi–Yunkai orogeny represents 
a continent collision involving ocean closure between the Yangtze and Cathaysia 
blocks, or intracontinental tectonism. Equally, opinions vary regarding whether the 
lower Palaeozoic Nanhua Basin was a back-arc/marginal basin, retro-arc foreland 
basin, or a peripheral foreland basin. This thesis reports results of a combined 
sedimentological, stratigraphic, detrital provenance, geochronological, isotopic and 
geochemical study of early Palaeozoic South China to reveal the nature of the 
Wuyi–Yunkai orogeny, and the sedimentary and provenance evolution of the lower 
Palaeozoic Nanhua Basin. It further explores the tectonic relationship between the 
SCB and northern India during the late Neoproterozoic to early Palaeozoic. 
The first mafic–intermediate volcanic succession near the edge of the Wuyi–Yunkai 
orogenic core was reported in this study, and it was used to explore any mantle–crust 
interaction during the orogeny. The volcanic succession, dated at ca. 435 Ma, 
unconformably overlies strongly deformed Cambro-Ordovician strata, but is in 
low-angle unconformable contact with overlying post-orogenic mid-Devonian strata. 
It is younger than peak-orogenic metamorphism (ca. 460–445 Ma) but synchronous 
with widespread late-orogenic granitic intrusions (ca. 440–415 Ma). Geochemical 
and isotopic results indicate that the mafic magma was likely generated from partial 
melting of sub-continental lithospheric mantle (SCLM), whereas the intermediate 
rocks were differentiated from the same mafic magma. A late-orogenic lithospheric 
delamination model and subsequent orogenic collapse are proposed to explain the 
melting of the SCLM that generated the mafic–intermediate volcanic rocks and the 
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widespread granitic intrusions in the orogen.  
A detrital provenance analysis of Ediacaran–Cambrian sandstone/metasandstone 
samples in the southern Nanhua Basin revealed zircon geochronological and isotopic 
signatures of the source region distinctly different from the known tectonomagmatic 
record of the SCB, but match well with those of the Ediacaran–Cambrian clastic 
rocks and granitic intrusions in northern India. The SCB–northern India provenance 
linkage appears to have started from the Ediacaran. It is thus proposed that after 
breaking away from central Rodinia, the SCB collided with northern India of eastern 
Gondwanaland during the Ediacaran–Ordovician, causing the Bhimphedian orogeny 
at the northern Indian margin (the Northern Indian orogen), as well as foreland basins 
on both sides of the collision zone. Ediacaran–Cambrian sandstones in the southern 
Nanhua Basin are interpreted as foreland deposits received from the Northern Indian 
and other adjacent orogens.  
Based on a sedimentary-stratigraphic analysis of four stratigraphic sections across 
the Nanhua Basin, it is interpreted that the entire lower Palaeozoic Nanhua Basin was 
a peripheral foreland basin which started to receive foreland deposits from the 
Cambrian or as early as the Ediacaran, after its ca. 860–600 Ma stage of continental 
rifting and failed rift deposition. The sedimentary evolution of the lower Palaeozoic 
Nanhua Basin can be subdivided into two stages: (1) The Cambrian (also Ediacaran?) 
to earliest-Ordovician underfilled to filled stage with shallow marine clastic 
deposition, fed by an exotic orogen outboard the SCB; and (2) the early-Ordovician 
to Silurian overfilled stage with subaerial clastic deposits, fed by the local 
Wuyi–Yunkai orogen in the SCB. The first stage was likely related to the 
Bhimphedian orogeny along the northern margin of Indian due to the SCB–northern 
India collision, and the second stage was related to the intraplate Wuyi–Yunkai 
orogeny, which was caused by the far-field stress of that collision. 
A systematic detrital provenance analysis of Ediacaran–Silurian clastic samples 
across the entire Nanhua Basin supports a similar two-stage evolution of the Nanhua 
foreland basin: (1) the Ediacaran–Cambrian sediments in the Nanhua foreland basin 
were mainly sourced externally – northern India and adjacent orogens, and (2) the 
Ordovician–Silurian sediments were derived from internal sources – both locally 
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recycled Ediacaran–Cambrian rocks and eroded Cathaysian basement rocks. The 
Wuyi–Yunkai syn- to late-orogenic magmatic rocks only contributed to Silurian 
sediments in the basin, possibly during orogenic collapse. The upper-Ordovician to 
Silurian samples in northeast Yangtze, on the other hand, received higher proportions 
of eroded local Cryogenian rift-related magmatic rocks which were uplifted during 
late-Ordovician to Silurian time. Again, the first stage of sedimentation is interpreted 
to be related to the collisional orogeny between the SCB and northern India, and the 
second stage of sedimentation is interpreted to be related to the intraplate 
Wuyi–Yunkai orogeny in South China. 
Cambrian provenance analysis further supports the idea that there was no broad 
ocean between the Yangtze and Cathaysia blocks since the Neoproterozoic, and that 
the Ordovician–Silurian Wuyi–Yunkai orogeny was an intraplate orogeny in South 
China. The post-kinematic lithospheric delamination of the Wuyi–Yunkai orogen led 
to a late orogenic collapse, which may have produced a graben (also a piggy-back 
basin?) within the orogenic core, receiving thick Silurian marine sedimentation in the 
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blocks/terranes in the Southeast Asia. In which: NCB – North China Block, SCB – 
South China Block, Y – Yangtze, C – Cathaysia, M – Mongolian terranes, T – Tarim, 
L – Lhasa, S – Subumasu (including the Qiangtang terrane, shown as "Q"), I – 
Indochina, WB – West Burma. (B) Mid- to late-Cambrian palaeogeographic map of 
the SCB (revised after Wang, 1985 and Liu and Xu, 2004) with sample locations for 
this study. Some facies boundaries are truncated by younger thrust faults (red lines). 
Figure 3.2. (A) Regional geological map and sampling localities along the 
Oujiadong section near Shaoguan, northern Guangdong Province (after Zhang and 
He, 1993). (B) Regional geological map and sampling localities in the southwestern 
Guangdong Province (after RGMRGD, 1964). See figure 3.1 for map locations of 
both (A) and (B). (C) Stratigraphy of the Oujiadong section (see location in (A)) with 
sampling positions. Note that the stratigraphic positions of the two metasedimentary 
samples from southwestern Guangdong can not be precisely located. (D) Horizontal 
laminations in grey-black muddy shale. (E) Low-angle cross-laminations (marked as 
“S1”) in siltstone layers. (F) Cherty layers with high dip angles. The hammer is 28 
cm in length, and the pencil is 15 cm in length, for scale. 
Figure 3.3. U-Pb concordia plots of detrital zircons from the five Cambrian 
sandstone samples in northern and southwestern Guangdong. Representative CL 
images with analytical spots are also present. 
Figure 3.4. (A) Plot of detrital zircon δ18O values versus U-Pb ages for Cambrian 
samples in southwestern Guangdong. The highlighted dark grey band represents the 
mantle-like zircon δ18O value range (4.7–5.9‰, 2σ; Valley and others, 1998). (B) 
Plot of zircon εHf(t) values versus U-Pb ages for Cambrian samples from Cathaysia 
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and Permian samples from the Tethyan Himalaya. (C) Enlarged plot of zircon εHf(t) 
values versus U-Pb ages as in (B) for the 900–400 Ma range, where the dashed arrow 
indicates more negative εHf(t) values after ca. 580 Ma. The depleted mantle (DM) 
and new continental crust (NCC) evolution lines were extrapolated after Griffin and 
others (2000) and Dhuime and others (2011), respectively. Light grey bands in 
(A)-(B) highlight potential episodes of new continental crustal growth. Potential 
crustal evolution lines at 3.0 Ga, 2.5 Ga and 1.0 Ga were calculated for the mean 
continental crust of 176Lu/177Hf value of 0.015 after Griffin and others (2000). 
Figure 3.5. Q-F-L diagram (parameters after Dickinson, 1970, 1985; Dickinson and 
others, 1983) of Cambrian sandstone/metasandstone samples from Guangdong, 
western Cathaysia, with a photomicrograph of each of the sample. Sample (1) 
10GD16, (2) 10GD17 and (3) 10GD19 are from sandstone samples from the 
Oujiadong section of the northern Guangdong Province, whereas samples (4) 
10GD48 and (5) 10DG49-1 are from meta-sandstone samples from southwestern 
Guangdong Province (see figure 3.1 for sample locations). 
Figure 3.6. Detrital zircon age spectra of Cambrian sandstone samples in different 
localities in the western Cathaysia Block (see text for details). n = total number of 
analyses. All zircon U-Pb ages are within 90% concordance. 
Figure 3.7. Summary provenance plots of U-Pb zircon age spectra of sedimentary 
rocks in Cathaysia, and comparisons with both the basement age spectra and 
provenance data for western Laurentia. (A) Western Cathaysia Cambrian strata (this 
study; Wang and others, 2010b; Wu and others, 2010); (B) Western Cathaysia 
Ediacaran strata (Yu and others, 2008, 2010; Wu and others, 2010); (C) 
Mid-Neoproterozoic Nanhua Rift Basin (Wang and others, 2010a; Wang and others, 
2012a); (D) Eastern Cathaysia late Palaeozoic to Mesozoic strata (X.H. Li and others, 
2012; Yao and others, 2012); (E) Eastern Cathaysia Neoproterozoic metasediments 
and Precambrian crystalline basement rocks (X.H. Li, 1997; Z.X. Li and X.H Li., 
2007; Wan and others, 2007; Liu and others, 2009; Yu and others, 2009; Z.X. Li and 
others, 2010); (F) Western Cathaysia Mesoproterozoic metasediments and 
Precambrian crystalline basement rocks (Z.X. Li and others, 2002, 2008a); (G) 
Western Laurentia (Smith and Gehrels, 1994; Stewart and others, 2001; 
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Vega-Granillo and others, 2008). N = number of samples, n = total number of 
analyses. All zircon U-Pb ages are within 90% concordance. 
Figure 3.8. Provenance variations of Ediacaran–Cambrian sedimentary rocks along 
the northern margin of India, and comparisons with provenance results from possible 
adjacent continents/terranes in Gondwanaland, Age spectra in (A)–(H) correspond to 
data points A–H in the location cartoon (I), where data points C1–C3 and D represent 
western North Indian margin, data points E represent central North Indian margin, 
and data points F1 and F2 represent eastern North Indian margin. Sources of detrital 
zircon age spectra: A — this study, Yu and others (2008, 2010), Wang and others 
(2010b) and Wu and others (2010); B — Dong and others (2011), Pullen and others, 
(2011) and Zhu and others (2011); C1 — Myrow and others (2010); C2 — Myrow 
and others (2010) and Webb and others (2011); C3 — Myrow and others (2010); D — 
Myrow and others (2010); E — Martin and others (2005) and Gehrels and others 
(2011); F1 — Myrow and others (2010) and Gehrels and others (2011); F2 — 
McQuarrie and others (2008), Myrow and others (2010) and Hughes and others 
(2011); G — Leier and others (2007), Gehrels and others (2011) and Zhu and others 
(2011); H — Cawood and Nemchin (2000) and Veevers and others (2005). Inset in (I) 
shows palaeocurrent directions, with data sources being as follows: (1) Tethyan 
Himalaya, lower–middle Cambrian rocks in the Spiti and Zanskar valleys (Myrow 
and others, 2006a, 2006b; Bagati and others, 1991); (2) Tethyan Himalaya, lower and 
upper Cambrian rocks in the Zanskar Valley (Garzanti and others, 1986); (3) Greater 
Himalaya, lower Cambrian rocks at Keylong (Draganits, 2000); (4) Lesser Himalaya, 
Ediacaran rocks at Simla (Valdiya, 1970). The positions of South Qiangtang and 
Lhasa terranes relative to Indo-Australia in Gondwanaland, as shown in (I), follow 
that of Zhu and others (2011). 
Figure 3.9. Palaeogeographic reconstructions showing palaeoposition of the SCB (A) 
before the break-up of Rodinia in the mid-Neoproterozoic (750 Ma), (B) after 
Rodinia break up, but prior to its collision with India during the assembly of 
Gondwanaland (635 Ma), (C) beginning of collision with NW India at ca. 580 Ma 
during the assembly of Gondwanaland, and (D) colliding with India to become part 
of Gondwanaland (515 Ma). Active orogens, and speculated drainage directions for 
Ediacaran–Cambrian time, are shown (see text for detailed discussion). 
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Palaeogeographic reconstructions follow that of Zhu and others (2012) for relative 
positions of the Lhasa and Qiangtang terranes, and Z.X. Li and others (2013) for the 
rest. The cartoon palaeo-drainage patterns are modified after Myrow and others 
(2010). North China is notional shown close to northern Australia in the Cambrian 
because of some bioprovince and detrital zircon provenance similarities (for example, 
McKenzie and others, 2011), but there is no evidence to suggest that it was a 
coherent part of Gondwanaland at that time (for example, Z.X. Li and Powell, 2001; 
Cocks and Torsvik, 2013). 
Figure 4.1. (A) A simplified regional map of the South China Block (SCB), 
highlighting the regional extent of the lower Palaeozoic Wuyi–Yunkai orogen 
including the distribution of metamorphic rocks and granites, interpreted early 
Palaeozoic structural trends and extent of the remnant Nanhua Basin. The inset 
shows the Cathaysia and Yangtze blocks as parts of the SCB. (B) Distribution of 
Palaeozoic sedimentary outcrops in the SCB, highlighting the Cambrian, Ordovician 
and Silurian rocks. Localities of the four logged stratigraphic sections are marked by 
yellow stars. 
Figure 4.2. (A) Regional geological map of central South China highlighting the 
early Palaeozoic sedimentary outcrops and granitic intrusions. (B) Geological map of 
the Rongxian county, showing a part of the Yulin Section; (C) Geological map of the 
Cenxi county, showing a part of the Yulin Section; (D) Geological map of the Beiliu 
county, showing a part of the Yulin Section; (E) Geological map of the Shaoguan 
Section; (F) Geological map of the Dongkou Section; (G) Geological map of the 
Zhangjiajie Section (revised after RGMRGD, 1962; RGMRGX-a, 1966; 
RGMRGX-b, 1968; RGMRHN-a, 1965; RGMRHN-b, 1968). 
Figure 4.3. Synthesized early Palaeozoic stratigraphic chart of the Yulin, Shaoguan, 
Dongkou and Zhangjiajie sections in the South China Block (revised after RGMRGD, 
1962; RGMRGX-a, 1966; RGMRHN-a, 1965, RGMRHN-b, 1968). 
Figure 4.4. Cambro-Silurian lithostratigraphic column of the Yulin Section. 
Lithologic scale: m = mudstone/shale, ss = siltstone, fs = fine-grained sandstone, ms 
= medium-grained sandstone, cs = coarse-grained sandstone, g = 
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gravel/conglomerate. Field photos: (A) medium-grained sandstone beds in lower 
Ordovician strata, with a hammer (30 cm long) for scale; (B) rhythmical 
intercalations of thick-bedded fine sandstone and thin-bedded shale in the lower 
Ordovician strata; (C) muddy conglomerates with oriented pebbles in the lowest 
Silurian strata with a pen (15 cm long) for scale; (D) folded, thin-layered shales in 
the mid- to upper-Silurian strata, with a hammer (30 cm long) for scale. 
Figure 4.5. Cambro-Ordovician lithostratigraphic column of the Shaoguan Section. 
Lithologic scale and information are the same as in Figure 4.4. 
Figure 4.6. Cambro-Silurian lithostratigraphic column of the Dongkou Section. 
Lithologic scale and information are the same as in Figure 4.4. Field photos: (A) 
lower Cambrian horizontal-laminated black carbonaceous shale, with a pen (15 cm 
long) for scale; (B) thick-bedded fine sandstone intercalated with thin-bedded 
yellowish shale packages in mid-Ordovician strata; (C) a series of flute casts on 
sandstone surface with a notebook (18 cm in length) for scale, and (c) an enlarged 
flute cast, with a hammer (30 cm long); (D) Asymmetrical ripple marks on the 
topmost Silurian sandstones with a notebook (18 cm long) for scale. 
Figure 4.7. Cambro-Silurian lithostratigraphic column of the Zhangjiajie Section. 
Lithologic scale and information are the same as figure 4.4. Field photos: (A) 
lower-Ordovician crystalline limestone, with a pen (15 cm long) for scale; (B) 
lower-Silurian green and purple shale interlayers; (C) thick- to medium-bedded fine 
sandstones intercalated with thin-layered shales; (D) mid-Devonian brick-red 
fine-grained quartz sandstone disconformably overlying Silurian sandstones. The 
notebook is 18 cm in length for scale. 
Figure 4.8. Palaeogeographic maps of the South China Block showing the evolution 
of the Nanhua foreland basin and the Wuyi–Yunkai orogen through the (A) 
mid-Cambrian, (B) mid-Ordovician and (C) early-Silurian (revised after Liu and Xu, 
2004). 
Figure 4.9. Time-space diagram of the Cambro–Silurian South China Block, 
covering the Zhangjiajie, Dongkou, Yulin and Shaoguan sections across the Nanhua 
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Basin. 
Figure 4.10. Cross-sections of the lower Palaeozoic Nanhua foreland basin showing 
its sedimentary and tectonic evolution in different time intervals. 
Figure 5.1. A simplified regional map highlights the lower Palaeozoic Wuyi–Yunkai 
orogen and the Nanhua foreland basin in the South China Block. The 
Ediacaran–Silurian sandstone samples for detrital zircon analyses are divided into 
four groups according to their positions in the orogen–basin system. 
Figure 5.2. Late Neoproterozoic (Ediacaran) to Silurian stratigraphic sections and 
positions of detrital samples across the Nanhua foreland basin, South China. Detrital 
samples from this study are marked as red stars, and those from previous studies are 
marked as grey stars. Data source for stratigraphic sections: 1 – BGMRFJ, 1985; 
BGMRGX, 1985; BGMRGD, 1988; 2-1 – Xu et al. (2012); 2-2(a) – Wu et al. (2010); 
2-2(b) – Yao et al. (2014b); 2-3(a) – Yao et al. (2014b); 2-3(b) – Xu et al. (2014); 3 – 
Yao et al. (2014b); 4 – Yao et al. (2014b). Data source for detrital samples can be 
found in Table 5.1. Inset map shows positions of the stratigraphic sections in the 
orogen–basin system. 
Figure 5.3. LA-ICP-MS zircon U–Pb Concordia age plots of Cambrian to 
Ordovician clastic samples from the Yulin section. “n = 119/120” indicates the 
number of concordant ages and number of total analyses, with concordance cut-off 
level is at at 90% – 110%. Ages are shown with 1σ uncertainties. The same applied to 
Figures 5.4 and 5.5. 
Figure 5.4. LA-ICP-MS zircon U–Pb Concordia age diagrams of 
Ordovician–Silurian clastic samples from the Yulin section (a-e), and SHRIMP 
zircon U–Pb Concordia age diagram of an Ordovician clastic sample from the 
Dongkou section (f). 
Figure 5.5. LA-ICP-MS zircon U–Pb Concordia age diagrams and relative 
probability plots of Silurian clastic samples from the Dongkou and Zhangjiajie 
sections. 
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Figure 5.6. Plots of zircon εHf(t) values versus U–Pb ages from (a) Cambrian, (b) 
Ordovician and (c) Silurian sandstone samples in the Nanhua foreland basin. Data 
sources for published Hf isotopic data: (a) Xu et al. (2014); Yao et al. (2014a); (b) 
Yao et al. (2011). The depleted mantle (DM) and new continental crust (NCC) 
evolution lines were extrapolated after Griffin et al. (2000) and Dhuime et al. (2011), 
respectively. 
Figure 5.7. Relative probability plots of detrital zircon U–Pb ages (with concordance 
of 90–110%) for sample subgroup 2-3 from the Nanning–Yulin area. Samples 11FS-1, 
-3, -6 and -11 are from Xu et al. (2014). 
Figure 5.8. Palaeogeographic maps of South China in seven time intervals (revised 
after Wang, 1985; Liu and Xu, 1994) and relative probability plots of detrital zircon 
U–Pb ages from corresponding strata from the four sample groups: (a) – Ediacaran 
(late-Neoproterozoic); (b) – early-Cambrian; (c) – mid- to late-Cambrian; (d) – 
early-Ordovician; (e) – mid- to late-Ordovician; (f) – early-Silurian; (g) – mid- to 
late-Silurian. U–Pb ages are within 90–110% concordance, and N = number of 
samples, n = numbers of concordant analyses. A compilation plot of age constitutes 
from Cathaysia basement rocks and pre-Devonian magmatic events is presented for 
provenance comparison, and the data are referred from Li, 1997, Wan et al. (2007), 
Li et al. (2002, 2003b, 2008a, 2008b, 2008c, 2010a), Liu et al. (2009), Yu et al., 
(2009), Wang et al. (2006, 2007a, 2007b; 2011), and Yao et al. (2012). 
Figure 6.1. (a) Distribution of Cambrian strata in the South China Block, 
highlighting the inferred boundary between the Yangtze and Cathaysia blocks. JSF = 
the Jiaoshan–Shaoxing Fault. (b) Geological map of central South China, 
highlighting three Cambrian sampling regions from central Yangtze, southeastern 
Yangtze and northern Cathaysia. Red stars are samples from this study, and white 
stars are samples reported in previous studies. 
Figure 6.2. (a)–(b) Palaeogeographic maps of the South China Block (revised after 
Liu & Xu, 1994): (a) early Cambrian, (b) middle- to late-Cambrian. (c)–(e) 
Stratigraphic columns of Cambrian strata and sandstone samples from (c) the 
Xinhuang section of central Yangtze (RGMRHN-b, 1972), (d) the Xinning section of 
List of Figures 
 XXVI
southeastern Yangtze (RGMRHN-a, 1975), and (e) the Shaoguan section of northern 
Cathaysia (Yao et al., 2014a, 2014b). Red stars are samples from this study, and 
white stars are samples reported in previous studies. 
Figure 6.3. Plots of zircon U–Pb age histogram and relative probability of Cambrian 
sandstone samples from (a) Xinhuang (this study), (b) Xinning (this study), (c) 
Xinning (Wang et al., 2010), (d) Shaoguan (Yao et al., 2014), and (e) Shaoguan 
(Wang et al., 2010). Plotted ages are within concordance of 90–110% for analysed 
zircons. N = number of samples, n = number of concordant analyses/number of total 
analyses. 
Figure 6.4. Cartoons illustrating possible paths of sediment transport during the 
Cambrian period for (a) the open ocean model and (b) the intracontinental model 
(revised after Liu & Xu, 1994). Detrital provenance analyses of Cambrian sandstones 
support the intracontinental model. 
 
Figure 6.5. A paleogeographic reconstruction of South China on the margin of 
eastern Gondwanaland at ca. 520 Ma (modified after Yao et al. 2014), showing 
mixing of two different detrital provenances at the Yangtze–Cathaysia boundary.
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CHAPTER 1  INTRODUCTION 
1.1 Pre-Devonian Geology of the South China Block: The Nanhua 
Basin and the Wuyi–Yunkai Orogeny 
The South China Block (SCB) in East Asia is bounded by the North China Block to 
the north, the Tibet Plateau to the west, the South China Sea to the south and the 
Pacific Ocean/East China Sea to the east (Figure 1.1). It consists of the Yangtze 
Block in the northwest and the Cathaysia Block in the southeast, with the present 
boundary between the two blocks in eastern South China running approximately 
along the northeasterly trending Jiangshan–Shaoxing fault (Figure 1.2). However, the 
southwestern extension of the boundary is unclear due to poor exposure and younger 
tectonic modifications (e.g., Ren, 1991; Chen, 2004; Li et al., 2010a).  
1.1.1 Pre-Ediacaran Geology of the South China Block 
The Yangtze and Cathaysia blocks exhibit different pre-Ediacaran crustal growth 
histories with contrasting crystalline basement rocks. The Yangtze basement consists 
predominantly of Proterozoic rocks with minor outcrops of Archean rocks found in 
the Kongling Complex in northern Yangtze (the Kongling “Group”, dated at ca. 
3.3–3.2 Ga and ca. 2.95–2.90 Ga; Qiu et al., 2000; Zheng et al., 2006; Jiao et al., 
2009; Gao et al., 2011). Along the southeastern Yangtze margin, scattered outcrops of 
Mesoproterozoic metasedimentary rocks (≤1.53 Ga) that experienced 1.04–0.94 Ga 
metamorphism/reworking (Li et al., 2007), and some 1.16–0.88 Ga magmatic rocks 
(Ye et al., 2007; Li et al., 2008a, 2009, 2013) are present. More widespread outcrops 
of ca. 1.7–0.9 Ga volcanic and sedimentary rocks, or their metamorphosed 
equivalents, are found along the southwestern Yangtze margin (Li et al., 2002; 
Greentree et al., 2006; Greentree and Li, 2008; Sun et al., 2009; Zhao et al., 2010). 
Widespread mid- to late-Neoproterozoic igneous rocks (860–750 Ma) and 
volcaniclastic successions are well developed in rift basins along the Yangtze 
margins (e.g., Zhou et al., 2002a, 2002b, 2006; Li et al., 2003a, 2003b; Wang et al., 






The Cathaysia Block has less Precambrian basement exposed, with most regions 
covered by Phanerozoic (particularly Mesozoic) sedimentary and/or volcanic rocks. 
Although Archean zircons have been reported from either Cathaysian sedimentary 
rocks (e.g., Li, 1997; Wan et al., 2007; Xu et al., 2007; Yu et al., 2009; Li et al., 
2010a; Yao et al., 2011) or as xenocrysts in volcanic rocks (Zheng et al., 2011), no 
Archean rocks have been identified so far. The oldest known crystalline basement 
rocks are the ca. 1.89–1.77 Ga granites and amphibolite facies metamorphic rocks in 
western Zhejiang and northwestern Fujian Provinces in the northeast part of 
Cathaysia (Li, 1997; Li and Li, 2007; Xiang et al., 2008; Zeng et al., 2008; Yu et al., 
2011). On Hainan Island in southwestern Cathaysia (Figure 1.2), the known 
Precambrian basement rocks include the ca. 1.43 Ga Baoban Complex gneissic 
granitoids, adjacent coeval Shilu Group metavolcaniclastic succession and the 
overlying ca.1.0 Ga Shihuiding Formation metasedimentary rocks (Ma et al., 1998; 
Li et al., 2002, 2008b). Mid- to late-Neoproterozoic (860–750 Ma) bimodal 
magmatic rocks and volcaniclastic successions (e.g., Li et al., 2005; Shu et al., 2011) 
are also widely exposed on the Cathaysian side of the mid-Neoproterozoic Nanhua 






1.1.2 Models for the Amalgamation of the South China Block 
There has been an ongoing debate regarding the formation and evolution of the South 
China Block. The research can be divided into two periods: before 1990s and since 
1990s. 
Before 1990s, tectonic models regarding the formation of the SCB can be generally 
called the “Phanerozoic ocean” models proposed by Shui (1988) and Hsü et al. (1988; 
1990, 1994). These models suggest that there was an ocean between the Yangtze and 
Cathaysia blocks during late Precambrian to earliest Palaeozoic (Figure 1.3a-c) (Shui, 
1988) or until mid-Mesozoic (Figure 1.3d-e) (Hsü et al., 1988, 1990). Hsü and 
co-workers considered that the collision of the Yangtze and Cathaysia blocks which 
led to the ocean closure was a two-plate Alps-style collision, and the ocean was 
closed during the Jurassic (Figure 1.3e) (Hsü et al., 1988, 1990, 1994). This model 
has largely been discarded by the research community because the key argument in 
his model, the existence of a Mesozoic "Banxi mélange", was later proven to be late 
Precambrian in age. Nonetheless, that model was adopted by some subsequent 
workers (e.g., Xiao and He, 2005; Chen et al., 2006). Shui (1988), on the other hand, 
suggested that the Yangtze and Cathaysia blocks first amalgamated at their eastern 
ends with a remnant ocean open to the west (Figure 1.3a). Further amalgamation 
totally closed the ocean during late Ordovician to Silurian and caused intense 
Introduction 
 4
deformation and widespread metamorphic events in the region (Figure 1.3b–c) — 
traditionally called the "Caledonian" orogeny (Huang et al., 1980; Shui, 1988, Ren, 
1991). This model was later adopted by Liu and Xu (1994). However, so far no 
evidence has been found for the existence of such an ocean or an 




After the 1990s, many new studies, aided by high-precision geochronological and 
geochemical data, continued this scientific debate. Although most researchers now 
accept a Precambrian amalgamation of the SCB, there are still two main schools of 
thoughts. One suggests that the Cathaysia and Yangtze blocks collided between 1100 
and 900 Ma (e.g., Li et al., 2002, 2008c, 2009), whereas the other suggests that the 
collision did not occur until 820–750 Ma (Zhou et al., 2002a; 2002b; Wang et al., 
2004). This PhD thesis is primarily concerned with events after the Precambrian 
formation of the SCB, and will therefore not elaborate more on the aforementioned 
debate regarding the precise age of the amalgamation. 
The presence of major Neoproterozoic continental rifting systems in South China 
after its amalgamation has long been recognized (e.g., Dong and Liu, 1991). Li and 
colleagues (Li, 1998; Li et al., 1999; Wang and Li, 2003) formalize the geographic 
position, geometry and evolution history of the rift basin that developed on top of the 
late Precambrian orogen between the Cathaysia and Yangtze blocks, and named it the 
Nanhua Rift. They argued that the Nanhua rift basin was a failed rift active between 
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>820 Ma to ca. 750 Ma. The Nanhua failed rift basin was eventually turned into a 
foreland basin (Figure 4.1a) during the late Ordovician–Silurian “Caledonian” 
orogeny (Li, 1998; Wang and Li, 2003), which Li et al. (2010a) renamed the 
Wuyi–Yunkai orogeny. This orogeny was an intense tectonic event that influenced 
much of the Cathaysia Block. Although many researchers (e.g., Li, 1998; Li et al., 
2010a; Charvet et al., 2010) discussed the possibility that the Nanhua foreland basin 
could also had been a retro-arc foreland basin (Liu and Xu, 1994) before it was 
turned a peripheral foreland basin, no early Palaeozoic arc or arc-signaled rock has 
been found between the Yangtze and Cathaysia blocks. Little systematic analysis has 
been conducted on the stratigraphic and sedimentary evolution of the early 
Palaeozoic Nanhua basin, which would have kept clues regarding the nature of this 
basin and the evolution history of the Wuyi–Yunkai orogeny. 
The early Palaeozoic Wuyi–Yunkai orogeny stretches for ~2000 km in a northeasterly 
direction (Ren et al., 1997; Li et al., 2010a). It could have extended as far as the 
Korean Peninsula (Kim et al., 2006) and to the Indochina block (Roger et al., 2007). 
It was firstly recognized because of the existence of an angular unconformity between 
deformed Silurian and older strata and overlying Devonian and younger strata in the 
southeastern part of South China (Huang et al., 1980; Liu and Xu, 1994; Li et al., 
2010a). This orogeny produced voluminous early Palaeozoic magmatic and 
metamorphic rocks, and left strong tectonic deformation on the thick sedimentary and 
volcaniclastic cover successions in the Cathaysia Block and the southeastern Yangtze 
Block (Huang et al., 1980; Ren, 1991). The Wuyi–Yunkai orogeny was traditionally 
regarded as being active in late Ordovician–Silurian (Liu and Xu, 1994), while recent 
metamorphic and petrogenetic analyses led Li et al. (2010a) to conclude that it 
occurred between middle Ordovician (>460 Ma) and latest Silurian (415 Ma). 
However, Li et al.’s (2010) work were unable to provide a precise age constraint on 
the prograde stage of the metamorphism during the onset of the orogeny, which left 
the initiation time of the orogeny an open question. Furthermore, geodynamic 
mechanism for the Wuyi–Yunkai orogeny is also a fundamental question yet to be 
satisfactorily answered. 
This study is thus designed to answer the following scientific questions. (1) When 
did the Wuyi–Yunkai orogenic event start and what geodynamic mechanism 
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generated this orogeny? (2) What type of basin was the lower Palaeozoic Nanhua 
Basin, and how did the basin evolved in terms of stratigraphy and sedimentary 
evolution, detrital provenance evolution? (3) Was there an ocean between the 
Yangtze and Cathaysia blocks in the early Palaeozoic? (4) Where was the South 
China Block located during the assembly of Gondwanaland? 
1.2 Objectives 
This thesis aims at the following objectives:  
(1) To understand the nature of the Wuyi–Yunkai orogeny  
In this study, volcanic and volcaniclastic rocks will be examined among lower 
Palaeozoic clastic strata. Such volcanic rocks probably represent syn-orogenic 
magmatism during the Wuyi–Yunkai orogeny, and would thus provide precise zircon 
U–Pb ages for the magmatic events related to the orogeny. Hf–O isotope and 
geochemical characteristics of the volcanic rocks will help to define chemical 
compositions of primary melts, thus further determine the source and 
physical-chemical conditions of the melts, possibly leading to new understandings 
regarding the geodynamics of the Wuyi–Yunkai orogeny. 
(2) To characterize the sedimentary evolution of the lower Palaeozoic Nanhua 
Basin as a record of the Wuyi–Yunkai orogeny  
The Nanhua Basin once covered much of the Cathaysia Block and the southeastern 
Yangtze Block. Because of the intense deformation, variable metamorphism and 
erosion of the strata on the Cathaysia side of the basin, the currently preserved strata 
represent a rather incomplete record of the basin history. Although the basin is 
generally thought to be a foreland basin, it is unclear if it was also a back-arc basin at 
the same time, or even once an oceanic basin (e.g., Pan, 1984; Guo et al., 1989). This 
study will focus on stratigraphic correlation across the basin, documenting the 
variations in strata thickness, compositions and grain sizes, and sedimentary 
structures in time and space. 
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(3) To characterize the provenance evolution of the lower Palaeozoic Nanhua 
Basin  
Besides the sedimentary evolution, provenance evolution is another important aspect 
of basin analysis to reveal the nature of the lower Palaeozoic Nanhua Basin. 
Sandstone samples were collected across the basin, from Cambrian strata to Silurian 
strata. This study will establish a temporal and spatial framework of provenance 
evolution for the basin. Combined with palaeogeographic maps of South China, this 
study will explore variations in the provenance during depostion of the Nanhua Basin 
strata, which presumably reflect the evolution of the Wuyi–Yunkai orogeny. 
(4) To determine the relationship between the Yangtze and Cathaysia blocks in 
the early Palaeozoic, and to verify whether an ocean existed between them 
Some previous workers thought that there was an early Palaeozoic ocean between the 
Yangtze and Cathaysia blocks (Shui, 1988; Xu and Qiao, 1989; Liu and Xu, 1994; 
Xu et al., 1996; Chen et al., 2006). Debates on the existence of such an ocean have 
been going on for decades. This project will use provenance analysis of Cambrian 
sandstones on both sides of the proposed ocean, to test whether there was once a 
wide ocean (thus a barrier for clastic sediments) between the two blocks.  
(5) To understand the position of the South China Block during the breakup of 
the Neoproterozoic supercontinent Rodinia and the assembly of Gondwanaland  
This study will compare provenance analysis results of the SCB, along with other 
geotectonic records, with that of other continents, particularly the margin of eastern 
Gondwanaland. The aim is to explore the roles that the SCB played during the global 
transition from the breakup of the Neoproterozoic supercontinent Rodinia and the 
assembly of Gondwanaland. This will help to answer the questions of (a) the position 
of South China in Rodinian, (b) whether South China was a part of Gondwanaland, 
and (c) what drive the early Palaeozoic Wuyi–Yunkai orogeny in South China. 
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1.3 Research Methods 
This thesis is based on extensive field work and laboratory analyses. 
1.3.1 Field work 
Geological fieldwork forms the foundation of this study and six field excursions with 
a total of 66 days were spent in the field. Tasks for the fieldwork include stratigraphic 
logging, sedimentary structures analysis, palaeocurrent measurements and collecting 
sandstone/volcanic rock samples. To study the evolution of the lower Palaeozoic 
Nanhua Basin, four representative stratigraphic sections have been logged using 
compasses and meter sticks; sandstone/metasandstone samples were collected for 
provenance analysis; volcanic samples were collected for geochronological and 
geochemical analyses.  
During stratigraphic logging, detailed clastic grain sizes, lithologic colours, bed 
thicknesses and sedimentary structures were documented. Palaeocurrent data were 
measured on structures of trough cross-bedding, planar cross-bedding, gutter cast and 
ripple marks. Basin geometry was constrained by analysing facies patterns of lower 
Palaeozoic sedimentary strata.  
Cambrian–Silurian sandstone samples were collected from the four different sections 
for the analysis of basin-wide provenance changes within time. Provenance results of 
the Cambrian sandstone samples across the Yangtze–Cathaysia boundary were also 
used to test the existence of a Cambrian ocean as proposed by some researchers. 
Early Palaeozoic volcanic rocks were sampled in the core zone of the Wuyi–Yunkai 
orogenic core to analyse the nature of the orogeny.  
1.3.2 Laboratory studies 
Laboratory studies include rock crushing, thin-section preparation, mineral 
separation and extraction, reflect-light and transmitted-light imaging of zircons by 
optical microscope, cathodoluminescence (CL) imaging of zircons by SEM 
(Scanning Electron Microscopy), LA-ICP-MS (Laser Ablation Inductively Coupled 
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Plasma Mass Spectrometry) zircon U–Pb dating, SHRIMP (Sensitive High 
Resolution Ion MicroProbe) zircon U–Pb dating, Cameca IMS-1280 SIMS zircon 
U–Pb dating and oxygen isotope analysis, and LA-MC-ICP-MS (Multi-Collector 
Inductively Coupled Plasma Mass Spectrometry attached with a laser ablation 
system) zircon Hf isotope analysis. Additional geochemical analyses were conducted 
on volcanic samples, including loss on ignition (LOI) determination, major element 
determination by XRF (X-ray Fluorescence Spectrometer), trace element 
determination by ICP-MS (Inductively Coupled Plasma Mass Spectrometry), Sr–Nd 
isotope determination by MC-ICP-MS (Multi-Collector Inductively Coupled Plasma 
Mass Spectrometry). Detailed analytical procedures and facilities used are given in 
the “Analytical Methods” sections of Chapters 2, 3, 5 and 6. 
1.4 Thesis Structure 
This thesis starts with an introduction (Chapter one) that reviews the geological 
settings of the early Palaeozoic South China Block and history of the Precambrian 
crystalline basements, raises scientific questions that this study aims to address, and 
outline the major approaches taken. It is followed by Chapters two, three, four, five 
and six, each consisting of a published or drafted journal article. Within each of the 
five manuscripts there are sections on relevant literature review and geological 
background, analytical methodologies, results, discussions of new findings with 
reference to the previous studies, and references cites. Two of these manuscripts are 
published (Chapter 2 in Lithos, and Chapter 3 in American Journal of Science), one 
is in-press (Chapter 6 in Geological Magazine), and two are to-be-submitted. The 
thesis finishes with a synthesis chapter (Chapter 7) that summarises the major 
outcomes of this research. 
The following is a brief introduction on the contents of Chapters 2 to 7. 
Chapter 2 is a manuscript published in Lithos: 
Yao, W.H., Li, Z.X., Li, W.X., Wang, X.C., Li, X.H., and Yang, J.H., 2012. 
Post-kinematic lithospheric delamination of the Wuyi–Yunkai orogen in 




This study reports geochronological, geochemical and isotopic data for the first 
lower Palaeozoic mafic–intermediate volcanic succession found in the 
Ordovician–Silurian (>460 Ma to 420 Ma) Wuyi–Yunkai orogen in the South China 
Block. The manuscript places new constraints on the timing of late-orogenic 
magmatism (ca. 435 Ma), and supports the model of post-kinematic lithospheric 
delamination and orogenic collapse in South China. The delamination in the 
Wuyi–Yunkai orogen likely caused partial melting near the edge of the remaining 
sub-continental lithospheric mantle by upwelling asthenosphere, which produced the 
Silurian mafic–intermediate volcanic rocks. Heat from the upwelling asthenosphere 
as well as possible basaltic underplating, and regional decompression caused by 
orogenic collapse, can best explain the widespread and synchronous granites along 
the orogen. 
Chapter 3 is a manuscript published in American Journal of Science: 
Yao, W.H., Li, Z.X., Li, W.X., Li, X.H., and Yang, J.H., 2014. From Rodinia to 
Gondwanaland: a tale of detrital zircon provenance analyses from the 
southern Nanhua Basin, South China. American Journal of Science 314, 
278–313. 
This study reports in-situ U–Pb ages and Hf–O isotope results of detrital zircons 
from Cambrian sedimentary rocks in the southwestern SCB, and examines the 
provenance characteristics and implications to South China's positions during the 
breakup of the supercontinent Rodonia and the assembly of Gondwanaland. The data 
demonstrate a provenance record different from the known tectonomagmatic record 
of the SCB, or that of western Australia or western Laurentia, but similar to that of 
northern India. It has thus been proposed that the SCB collided with NW India 
during the Ediacaran–Ordovician time, causing the “Pan-African” orogeny at the 
northern Indian margin as well as the intraplate Wuyi–Yunkai orogeny in South 
China. Ediacaran–Ordovician clastic rocks in the Nanhua Basin are therefore 
interpreted to be foreland basin deposits formed during this collision. 
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Chapter 4 is a manuscript close to submission, formatted for Tectonics: 
Yao, W.H., and Li, Z.X., 2014 (to be submitted). Stratigraphic history of the lower 
Palaeozoic Nanhua foreland basin in South China: Response to two successive 
orogenies. 
This study presents sedimentary evolution of the lower Palaeozoic Nanhua foreland 
basin and explores the relationship between clastic sedimentation of the basin and 
advance of the Wuyi–Yunkai Orogen. Sedimentary facies include turbiditic, shallow 
marine and fluvial-dominated deltaic facies in an ascending order, and feature 
diachronous lateral facies changes from southeast to northwest. The study divides the 
evolution of the Nanhua foreland basin into two stages: (1) during the Cambrian to 
early Ordovician, it was in an underfilled to filled stage with shallow marine clastic 
deposits, fed by a detritus source outboard the Cathaysia Block; (2) during the 
middle Ordovician to Silurian, the basin was in an overfilled stage with subaerial 
clastic deposits, fed by the northwestward-advancing Wuyi–Yunkai Orogen. The 
Cambro-Ordovician orogenic event is speculated to be related to the SCB–India 
collision, and the Ordovician–Silurian Wuyi–Yunkai orogenic event within the SCB 
was caused by the far-field stress of that collision. 
Chapter 5 is a manuscript close to submission, formatted for Gondwana Research: 
Yao, W.H., Li, Z.X., Li, W.X., Su, L., and Yang, J.H., 2014 (to be submitted). 
Detrital provenance evolution of the lower Palaeozoic Nanhua foreland basin, South 
China.  
This study reports integrated in-situ U–Pb and Hf isotopic analyses of detrital zircons 
from Cambrian–Silurian clastic samples across the Nanhua foreland basin. Together 
with published data from Ediacaran–Silurian sandstones in the region, the study 
establishes a temporal and spatial evolution of provenance across the basin. Utilizing 
the lower Palaeozoic basin history and palaeogeography of South China, this study 
concludes that Ediacaran–Cambrian sediments were mainly sourced from northern 
India, and Ordovician–Silurian sediments were derived from both locally recycled 
Ediacaran–Cambrian strata and possibly uplifted Cathaysian basement. The 
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Wuyi–Yunkai magmatic rocks contributed to Silurian sediments.  
Chapter 6 is a manuscript published in Geological Magazine: 
Yao, W.H., Li, Z.X., and Li, W.X., 2014 (in press). Was there a Cambrian ocean in 
South China? – Insight from detrital provenance analyses. Geological 
Magazine, doi:10.1017/S0016756814000338 
This study reports two distinctly different detrital zircon age patterns for Cambrian 
sandstones from central Yangtze and northwestern Cathaysia blocks, and a mixing of 
the two at southeastern Yangtze. Provenance analyses suggest that northwestern 
Cathaysia sandstones were likely sourced from northern India, whereas central 
Yangtze sandstones were sourced from the western Yangtze Block. The mixed 
provenances in southeastern Yangtze indicate that detritus can travel across the 
Yangtze–Cathaysia boundary during the Cambrian, arguing against the existence of a 
broad Cambrian ocean between the two blocks at that time. 
Chapter 7 presents a summary of the evolution of the lower Palaeozoic Nanhua 
foreland basin and the nature of the Ordovician–Silurian Wuyi–Yunkai orogeny. This 
chapter utilises research results presented in the previous five chapters to provide an 
overall interpretation regarding the basin evolution and orogen propagation in the 
early Palaeozoic South China, as well as to explore the geodynamics of the South 
China Block during the assembly of Gondwanaland. 
Appendices lie at the end of this thesis. U–Pb ages and Hf–O isotopic data tables for 
volcanic and clastic sedimentary samples, as reported in the chapters, are also given. 
(1) Co-author contribution statement for the five manuscripts (Chapters 2, 3, 4, 5 and 
6) and (2) permission of copyright from third parties where Chapters 2 and 3 were 
published, are given at the end of the thesis, as the final two appendix documents. 
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Abstract 
Understanding the processes responsible for the intra-plate early Palaeozoic 
Wuyi–Yunkai orogeny (>460 Ma to 420–415 Ma) in the South China Block 
(SCB) is important for deducing the interactions of this block with other 
continents at that time, as well as the tectonic evolution of East Asia. One salient 
feature of the orogen is that despite the wide occurrence of syn- to late-orogenic 
(440 Ma to 420–415 Ma) granites in the orogen, neither syn- to late-orogenic 
volcanic rocks nor mafic rocks of any type have been reported. Such mafic rocks 
could shed clues about any mantle–crust interaction during such a major 
orogeny, thus help to understand the dynamics of the orogenic event. We 
present here, for the first time, geochronological, isotopic and geochemical data 
for a mafic–intermediate volcanic succession in northern Guangdong, near the 
edge of the metamorphic core of the orogen. The volcanic rocks unconformably 
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overlie strongly deformed Cambro-Ordovician strata, but are in low-angle 
unconformable contact with overlying post-orogenic mid-Devonian strata. 
LA-ICP-MS and SHRIMP U–Pb dating of zircons from two andesitic and 
dacitic samples gives a consistent crystallization age of ca. 435 Ma, younger than 
the 460–445 Ma peak metamorphism of the orogeny but synchronous with the 
widespread late-orogenic (ca. 440–415 Ma) granitic intrusions. Nine least 
crustally-contaminated basaltic samples are characterized by high MgO 
(12.3–19.2 wt.%), Ni (214–715 ppm) and Cr (724–1107 ppm), but low TiO2 
(0.6–0.8 wt.%), Al2O3 (10.2–12.8 wt.%) and Fe2O3
T (total Fe as Fe2O3) (8.7–11.4 
wt.%) contents. The basalts also exhibit low Nb/La ratios (0.4–0.8) and constant 
εNd(t) values (–8.0 to –8.4) with variable SiO2 (44.8–51.5 wt.%) contents, 
suggesting a likely sub-continental lithospheric mantle origin. These 
high-magnesian basalts have chemical compositions similar to their primary 
magma, which was estimated using geochemical modeling at SiO2 ≈ 50%, MgO 
≈ 14% and FeOT ≈ 9%. The estimated potential temperature for the melts is 
>1300 °C, much higher than that of a normal sub-continental lithosphere. This 
implies that the magma was likely generated from partial melting of 
lithospheric peridotite heated by hot upwelling asthenosphere. The 
high-magnesian andesites are interpreted as the products of differentiation and 
AFC processes from the same basaltic magma source, as supported by their 
negative zircon εHf(t) values (–21.7 to –6.3) and high zircon δ
18O values 
(7.3–9.0‰). Overall, we interpret that these post-kinematic basalts, plus 
andesites and dacites as differentiates, resulted from a late-orogenic lithospheric 
delamination which led to an orogenic collapse, melting of the SCLM, and 
widespread late-orogenic granitic intrusions in the orogen. 
Key words: South China, Wuyi–Yunkai orogeny, geochemistry, Silurian basalts, 
orogenic collapse, delamination 
2.1 Introduction 
Orogenic events often entail syn-kinematic crustal thickening followed by 
late-kinematic gravitational collapse (Dewey, 1988). The transition from crustal 
thickening to thinning related to orogenic collapse is often triggered by the 
transformation of overthickened lower crust into eclogite, leading to the removal of 
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both the eclogitic lower crust and the peridotitic sub-continental lithospheric mantle, 
and subsequent asthenosphere upwelling (Lustrino, 2005). Such a tectonothermal 
event would induce widespread post-kinematic felsic to mafic magmatism. 
Well-studied examples include the Cenozoic Central Andes in South America (Kay 
and Kay, 1993) and the early Cretaceous Sulu–Dabie orogen in central China (Li et 
al., 2002). 
Delamination of lithospheric mantle and the lowermost crust is also one of the 
principal mechanisms for recycling the lithosphere into the deeper mantle, as 
required by mass balance considerations in orogenic environments (Ducea, 2011). 
Seismic tomographic imaging of the deeper Earth provides snapshots of modern 
ongoing lithospheric delamination/dripping (Fillerup et al., 2010; Zandt et al., 2004), 
but for ancient orogenic belts such as the early Palaeozoic Wuyi–Yunkai orogen in 
the South China Block (Li et al., 2010c), we can only identify such events through 
the combination of surface geological observation (e.g., structural and basin records 
of orogenic collapse) and the analyses of the magmatic record (e.g., Ducea, 2011). 
Primary melts of basalts are often used for probing the chemical composition and 
thermal state of the mantle (e.g., Langmuir et al., 1992; Lee et al., 2011; Wang et al., 
2007a; Wang et al., 2008; Wang et al., 2012; White and McKenzie, 1989), thus 
shedding light on mantle processes such as lithosphere delamination, asthenosphere 
upwelling and plume activities (Lee et al., 2011). High-Mg basalts represent the least 
evolved samples which have the potential to record the mantle thermochemical state. 
For instance, secular changes in Nd isotopic composition of basaltic rocks in the 
Iberian Massif from an ancient enriched lithospheric mantle (with low εNd(t) values) 
to a young and depleted asthenospheric mantle (with high εNd(t) values) were 
interpreted as reflecting lithospheric delamination (Guttierez-Alonso et al., 2011).  
The Wuyi–Yunkai orogen is an early Palaeozoic intra-plate orogen in the South 
China Block (SCB) that lasted from >460 Ma to 420–415 Ma (Li, 1998; Charvet et 
al., 2010; Li et al., 2010c). It was broadly synchronous with the Caledonian orogeny 
in Europe, and represents an important tectonic event for understanding the 
interactions of the SCB with other continents (e.g., northwestern margin of 
Gondwanaland; Li, 1998; Li and Powell, 2001) at that time, and the tectonic 
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evolution of East Asia in general. However, the >2000 km-long orogen remains one 
of the least studied ancient mountain belts in the world. The orogen features 
high-grade metamorphism along its core, and widespread post-kinematic granites 
(Figure 2.1a), which have been interpreted as the results of dehydration melting of 
heated Proterozoic crustal materials during orogenic collapse (e.g., Li et al., 2010c; 
Zeng et al., 2008). However, so far no synchronous mafic rocks have been reported 
in the published literature, which are crucial for understanding the petrogenesis of 
those granites and mantle–crust evolution beneath the orogen. We report here both 
geochronological and geochemical characteristics of the first post-kinematic mafic 
volcanic succession identified by regional geological mapping (GDRGMR, 1962; 
GDBGMR, 1988). The results allow us to interpret the post-kinematic magmatic 
province in terms of lithospheric delamination during orogenic collapse. 
2.2 Geological Background and Sampling 
The SCB consists of the Yangtze Block in the northwest and the Cathaysia Block in 
the southeast (Figure 2.1a insert). The Yangtze basement consists predominantly of 
Proterozoic rocks with a small outcrop area of Archean rocks known as the Kongling 
Complex (locally known as the Kongling “Group”, dated at ca. 3.2 Ga and ca. 
2.95–2.90 Ga; Qiu et al., 2000; Zheng et al., 2006; Jiao et al., 2009). Outcrops of the 
Precambrian Cathaysian basement are more scattered. Palaeoproterozoic outcrops 
(1.89–1.77 Ga) are found mainly in the northeastern section of the block (Li, 1997; 
Li and Li, 2007a; Li et al., 2010c; Xiang et al., 2008; Yu et al., 2009), whereas 
Mesoproterozoic (1.43 Ga) crystalline rocks are found on Hainan Island only (Li et 
al., 2008b). These two blocks amalgamated in early Neoproterozoic by ca. 900 Ma 
(e.g., Li et al., 2007, 2008a, 2009).  
A widespread angular unconformity between the overlying upper Palaeozoic 
terrestrial deposits (Devonian and younger) and the lower Palaeozoic 
meta-sedimentary successions (typically Silurian and older) was recognized in the 
southeast part of the SCB. This angular unconformity, together with the widespread, 
dominantly Silurian granitic intrusions, defines the regional extent of the 
Wuyi–Yunkai orogen (e.g., Charvet et al., 2010; Huang et al., 1980; Li et al., 2010c; 
Ren, 1991; Figure 2.1a). The core of the Wuyi–Yunkai orogen is defined by a zone of 
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northeast-trending, upper greenschist to amphibolite-facies metamorphic complexes 
(Figure 2.1a). The ages of the granites in the orogeny mostly fall within the 440–415 
Ma range (Chen et al., 2008; Li and Gui, 1992; Li et al., 1989, 2010c; Liu et al., 2008; 
Roger et al., 2000; Wan et al., 2010; Wang et al., 1998; Wang et al., 2007b; Wang et 
al., 2011; Xu et al., 2005; Yang et al., 2010; Zeng et al., 2008; Zhang et al., 2011, 
2012).  
The Silurian Chayuanshan volcanic succession is located near Fengwan with a mean 
geographic coordinate of N24°49′, E113°54′, close to the northern margin of the 
orogenic core (Figure 2.1). The outcrops cover an area of about 260 km2. The 
volcanic rocks unconformably overlie strongly-deformed Cambro-Ordovician strata 
(deformed by the Wuyi–Yunkai orogeny before the eruption of the Silurian volcanic 
rocks), but are overlain, with a low-angle angular unconformity, by the post-orogenic 
mid-Devonian strata (Figure 2.1b). The volcanic rocks are therefore post-kinematic 
with respect to the main compressional phase of the Wuyi–Yunkai orogeny. The 
volcanic succession was previously described as discrete and discontinuous 
porphyrite layers intruding the Ordovician sandstones (GDRGMR, 1962), but the 
latest regional geological mapping identified it as a volcanic succession sitting below 
the post-orogenic Devonian sandstone (with basal conglomerate) unit (GDBGMR, 
1988).  
The lenticular-shaped volcanic succession has a maximum thickness of ca. 450 m, 
consisting of basalts, andesites, dacites (see section 4.3 for geochemical 
classifications), andesitic ignimbrite, dacitic ignimbrite, and tuffaceous sandstone 
(Figure 2.1c). Some volcanic units exhibit typical porphyritic textures with 
dominantly plagioclase and clinopyroxene phenocrysts, suggesting that the 
succession probably consists of a mixture of volcanic and sub-volcanic rocks. 
Thirteen least-altered samples were collected from the Chayuanshan volcanic rocks 
(Figure 2.1b–c). Samples 10GD21–1 to –9 were collected from the upper part of the 
succession, and samples 10GD23–1 to –3 and 10GD25 from the lower part of the 
succession. Petrographic examination shows that most of the phenocrysts are altered, 
with some small fresh olivine crystals still preserved. Geochemical analyses were 
conducted for all the samples, whereas zircon U–Pb age dating and Hf–O isotopic 
analyses were conducted on representative samples 10GD23–1 and 10GD25. 





Palaeozoic  magmatic  and  metamorphic  rocks,  and  early  Palaeozoic  structural  trends 
overprinted  by Mesozoic  structures  (modified  after  Li  et  al.,  2010c).  Sources  for  existing 





Zhang  et  al.  (2012).  The  insert  in  (a)  shows  the  relationship  between  the  Yangtze  and 
Cathaysia blocks. (b) Simplified geological map of the study area showing distribution of the 
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Silurian Chayuanshan volcanic succession  in northern Guangdong  (revised after GDRGMR, 
1962;  GDBGMR,  1988)  and  sampling  locations.  Symbols  for  strata  ages  in  (b)  are:  — 
Cambrian;  O  —  Ordovician;  S  —  Silurian;  D  —  Devonian;  C  —  Carboniferous;  K  — 
Cretaceous; Q — Quaternary. (c) A composite stratigraphic column with sampling locations 
of the Chayuanshan volcanic succession. 
2.3 Analytical Methods 
2.3.1 Zircon U–Pb age 
Zircons crystals were extracted from bulk-rocks using standard density and magnetic 
separation techniques. Zircon grains, together with zircon U–Pb standard 91500 and 
Plešovice, zircon oxygen standard Penglai, were cast in an epoxy mount and then 
polished to section the crystal in half for analyses. All analyzed zircon grains were 
imaged in transmitted and reflected light as well as cathodoluminescence (CL) to 
better reveal their internal structures. U–Th–Pb concentrations were measured using 
a LA-ICP-MS facility at the Institute of Geology and Geophysics (IGG), Chinese 
Academy of Sciences. External zircon standard 91500 with 207U/206Pb age of 1065.4 
± 0.6 Ma (Wiedenbeck et al., 1995; 2004) and GJ-1 with 206U/238Pb age of 608.5 ± 
0.4 Ma (Jackson et al., 2004) were introduced to calibrate U–Th–Pb ratios of 
unknown zircon grains. The detailed analytical procedure can be found in Xie et al. 
(2008). Data reduction was carried out using Glitter v4.0, ComPbCorr#3_151 
(Anderson, 2002) and Isoplot/Ex v2.49 (Ludwig, 2001b) packages.  
To further check the reliability of the laser ages, the SHRIMP-II facility at Curtin 
University Australia was employed for additional zircon U–Pb dating. Standard 
operation conditions of 2 nA O2
– primary beam, 20 μm spot size and ca. 5000 mass 
resolution were followed, and six scans were made for each age determination. U 
abundance was calibrated using zircon 91500 (Wiedenbeck et al., 1995), and 
206Pb/238U ratio was constraint by zircon Plešovice (Sláma et al., 2008). Data 
reduction was carried out using Squid v2.50 (Ludwig, 2001a) and Isoplot/Ex v2.49 
(Ludwig, 2001b) packages.  
2.3.2 Zircon Hf–O isotopes 
Zircon oxygen analyses were undertaken before laser dating, using the Cameca IMS 
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1280 SIMS facility at IGG and the spot locations are identical to the laser dating sites. 
Zircon standard Penglai with δ18O = 5.31 ± 0.10‰ (2σ) (Li et al., 2010b) was used 
for monitoring and correcting measurements on unknown zircon grains. The entire 
analytical procedure is similar as that described in Li et al. (2010a).  
Laser ablation zircon Lu-Hf isotopic analyses were carried out at IGG, using a 
ThermoFinnigan Neptune MC-ICP-MS equipped with a 193 nm laser. Zircon 91500 
and GJ-1 were used as reference standards, with a recommended 176Hf/177Hf ratio of 
0.282307 ± 0.000031 (2σ) (e.g., Wu et al., 2006) and 0.282000 ± 0.000005 (2σ) 
(Morel et al., 2008), respectively. Laser ablation Hf sites were centered as close as 
possible to the spots for U–Pb dating and oxygen analyses. More details on analytical 
procedures could be found in Wu et al. (2006). A decay constant for 176Lu of 
1.867×10−11/year (Soderlund et al., 2004), the present-day chondritic ratios of 
176Hf/177Hf = 0.282772 and 176Lu/177Hf = 0.0332 (Blichert-Toft and Albarède, 1997) 
were accepted for calculating εHf(t) values. One-stage model ages (TDM) were 
calculated relative to depleted mantle with a present-day (176Hf/177Hf)DM = 0.28325 
and (176Lu/177Hf)DM = 0.0384 (Griffin, et al., 2000). Two-stage model ages (TDM
C) 
were calculated by forcing a growth-curve through the zircon initial ratio with an 
assumed (176Lu/177Hf)C value of 0.0093 corresponding to the upper continental crust 
(Amelin, 1999).  
2.3.3 Whole-rock major and trace elements 
Whole-rock geochemical analyses were carried out at Guangzhou Institute of 
Geochemistry (GIG), Chinese Academy of Sciences. Major element oxides were 
obtained using a Rigaku ZSK100e XRF on a fused glass bead. Loss-of-ignition (LOI) 
measurements were undertaken on dried sample powder by heating in a pre-ignition 
silica crucible to 1000°C for 1 h and recording the percentage of weight loss. 
Calibration lines used in quantification were produced by bivariate regression of data 
from 36 reference materials covering a wide range of silicate compositions (Li et al., 
2005), with analytical uncertainties ranging from 1% to 5%.  
Trace element concentrations were measured using a ThermoFisher X2 ICP-MS. 
About 50 mg of each powdered sample was dissolved in a high-pressure Teflon 
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bomb for 24 h using a HF + HNO3 mixture. An internal standard solution of Rh was 
used to monitor signal drift during analysis. The International standards SY-4, AGV-2, 
W-2Q, SARM-4 and BHVO-2 were used for calibrating the measured element 
concentrations, and analytical precision was better than 3%. 
2.3.4 Whole-rock Nd isotopes 
Nd isotopic analyses were carried out at GIG. The isotope measurements were 
performed on a NEPTUNE PLUS (Thermo Fisher Scientific, MA, USA) 
multi-collection mass spectrometry equipped with nine Faraday cup collectors and 
eight ion counters. The analytical procedure was similar to that of Yang et al. (2007). 
Normalizing factors used to correct the mass fractionation of Nd during the 
measurements was 143Nd/144Nd = 0.7219. Analyses of standard Shin Etsu JNdi-1 
standard over the measurement period gave 143Nd/144Nd = 0.512099 ± 0.000004 (2σ) 
(n = 4). 
2.4 Analytical Results 
2.4.1 Zircon U–Pb age 
The LA-ICP-MS and SHRIMP zircon U–Pb dating results are listed in 
Appendix A1 and A2, respectively. Zircon crystals from andesitic sample 10GD23-1 
are euhedral and display magmatic growth zonation. On the LA-ICP-MS facility, 42 
spots were analyzed on 42 zircon grains (Appendix A1). Thirty-three of the analyses 
on zircon rims gave Palaeozoic 206Pb/238U ages, and among the remaining nine 
analyses, six on zircon cores had Proterozoic ages of ca. 730 Ma (n = 1), ca. 1000 
Ma (n = 3), ca. 1700 Ma (n = 1) and ca. 2400 Ma (n = 1), while three crossed 
core–rim boundaries gave Proterozoic age of ca. 730 Ma (n = 1), ca. 1000 Ma (n = 1) 
and ca. 1300 Ma (n = 1) (Figure 2.2A). Thirty-one out of the 33 concordant analyses 
that gave Palaeozoic ages yielded Th/U ratios of >0.4 and a concordant age of 434 ± 
7 Ma (MSWD of concordance = 1.1), which is the same as the weighted mean 
206Pb/238U age of 435 ± 6 Ma (MSWD = 1.0) within errors. The additional 26 
analyses on magmatic rims of 26 zircon grains using the Curtin SHRIMP facility 
(Appendix A2) gave Th/U ratios of 0.5–1.1, implying a magmatic origin (Möller et 
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al., 2003). The results yielded a concordant age of 434 ± 6 Ma (MSWD of 
concordance = 12) from 23 analyses (Figure 2.2B), identical to the weighted mean 
206Pb/238U age of 433 ± 6 Ma (MSWD = 4.0) and the age obtained using LA-ICP-MS. 
We therefore use the weighted mean 206Pb/238U age of 435 ± 6 Ma based on 30 
LA-ICP-MS analyses as the crystallization age of sample 10GD23-1.  
Most zircon grains from the dacitic sample 10GD25 are euhedral to subhedral and 
show concentric magmatic zoning in CL images. Forty-two analyses were conducted 
on 42 zircon grains using the LA-ICP-MS facility (Appendix A1). Thirty-three of 
them were on magmatic rims that gave a weighted mean 206Pb/238U age of 433 ± 6 
Ma (MSWD = 0.99), and thirty-one out of the 33 analyses gave a concordant age of 
431 ± 6 Ma (MSWD of concordance = 4.0, Figure 2.2C). The remaining nine 
analyses on zircon cores gave scattered Proterozoic ages of ca. 800 Ma (n = 2), ca. 
1000 Ma (n = 2), ca. 1200 Ma (n = 1), ca. 1600 Ma (n = 1), ca. 2500 Ma (n = 2) and 
ca. 3400 Ma (n = 1) (Figure 2.2C). Additional 20 analyses were conducted on 20 
zircon grains at Curtin SHRIMP-A facility (Appendix A2), all on magmatic rims. 
The 20 analyses yield a weighted mean 206Pb/238U age of 435 ± 6 Ma (MSWD = 2.6) 
and 16 of them give a Concordia age of 438 ± 6 Ma (MSWD of concordance = 6.9, 
Figure 2.2D). All the 53 analyses on sample 10GD25 that gave Palaeozoic ages (33 
LA-ICP-MS analyses and 20 SHRIMP analyses) gave Th/U ratios of 0.2–1.1, 
suggesting a likely magmatic origin. Therefore, 435 ± 6 Ma is taken as the magmatic 








U–Pb  Concordia  age  plots  and  sensitive  high‐resolution  ion microprobe  (SHRIMP)  zircon 
U–Pb Concordia age plots of the Silurian volcanic samples, with cathodoluminescence (CL) 
images of zircons. The white circles in the CL images have diameters of ~40 μm or ~25 μm, 
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2.4.2 Zircon Hf–O isotopes 
Forty-two oxygen and hafnium isotopic analyses each were conducted on zircons 
from sample 10GD25 and 10GD23-1, and the results are given in Appendix A3. 
Excluding the 18 spots with Proterozoic ages, 66 analyses with Palaeozoic ages 
(~435Ma) yielded variable 176Hf/177Hf ratios (0.28190–0.28233) and negative εHf(t) 
values (–21.7 to –6.3). The calculated two-stage model ages (TDM
C) range from 1.57 
Ga to 2.32 Ga, with a peak of 1.7 Ga for both sample 10GD23-1 and sample 10GD25 
(Figure 2.3A). The δ18O values for these analyses (~435Ma) are in the range of 7.3‰ 
to 9.0‰ with a weighted mean value of 8.2 ± 0.2 ‰ (2σ), much higher than the 
mantle zircon δ18O value of 5.3‰ ± 0.6 (2σ) (Valley et al., 1998). The 18 analyses on 
Proterozoic (>700 Ma) xenocryst zircons yielded two main clusters in their zircon 
εHf(t) versus δ
18O plot. One cluster gives dominant positive εHf(t) values and δ
18O of 
~8‰. The other cluster falls into the mantle zircon δ18O range and offers both 
positive and negative εHf(t) values (Figure 2.3B). 
 
Figure 2.3. (a) Cumulative plot of zircon Hf model ages for samples 10GD23‐1 (andesite) and 
10GD25  (dacite).  (b) Plot of  in‐situ  zircon  εHf(t)  versus  δ
18O  values  for  samples 10GD23‐1 
(andesite)  and  10GD25  (dacite)  from  the  Chayuanshan  volcanic  succession,  northern 
Guangdong. 
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2.4.3 Whole-rock major and trace element compositions 
Based on the petrological examination, thirteen least-altered samples were selected 
for major and trace element composition measurements, and the results are presented 
in Table 2.1. The 10GD21 samples show a mafic affinity with SiO2 = 45–51 wt.%, 
Mg# = 75–80 and Al2O3 = 10.2–12.8 wt.%. The 10GD23 samples are intermediate in 
composition with SiO2 = 61–63 wt.%, Mg# = 54–62 and Al2O3 = 14.8–16.2 wt.% 
(volatile-free). Sample 10GD25 has the highest silicate content with SiO2 = 65 wt.%, 
Mg# = 44 and Al2O3 = 16.4 wt.%. On the Zr/Ti versus Nb/Y diagram (Winchester 
and Floyd, 1976), the 10GD21 sample group plots in the sub-alkaline basalt fields, 
while the 10GD23 sample group and sample 10GD25 plot in the andesite and dacite 
fields, respectively (Figure 2.4). We also notice that the basalts have extremely high 
MgO content (12.3–19.2 wt.%).  
 
Figure 2.4. Plot of  the Chayuanshan  volcanic  samples  in  the  Zr/TiO2×0.0001  versus Nb/Y 
diagram (Winchester and Floyd, 1976). 
The incompatible trace element patterns of the Chayuanshan basalts are 
characterized by significant depletions in Nb, Ta, Zr, Hf and Ti and enrichments in U, 
Th, La and Nd (Figure 2.5a), with relatively low contents in REE (total REE = 
39.5–78.4 ppm, average 59.8 ppm) and LREE/HREE ratios (4.0–5.9, average 4.9; 
(La/Yb)N = 3.4–6.2). The chondrite-normalized REE patterns of the basalts are 
distinctively different from that of OIB or MORB (Figure 2.5b), and show negative 
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Eu anomalies (Eu* = 0.65–0.91, average 0.77). They also have higher LREE 
concentrations and lower HREE concentrations compared to N-MORB (Figure 2.5b). 
(La/Sm)N ratios of the basalts are in the range of 1.8–2.9 (average 2.4). Compatible 
elements Cr (724–1107 ppm, average 918 ppm) and Ni (214–715 ppm, average 416 
ppm) are typically higher in the basalts compared to N-MORB. 
The 10GD23 andesitic samples and the 10GD25 dacitic samples are depleted in high 
field strength elements (HFSEs: Nb, Ti, Ta and Zr) and enriched in U, Th and LREE 
(Figure 2.5c). They have (La/Yb)N ratios of 6.2–10.5 (Table 2.1). They also show 
nearly constant (La/Sm)N ratios (3.1–3.8; average 3.5), and slightly depletion in Eu 
with Eu* = 0.6–0.8 (average 0.7) (Figure 2.5d). 
 
Figure  2.5.  Primitive mantle‐normalized  trace  element  spider  diagrams  for  the  10GD23 
(andesite) and 10GD25 (dacite) sample groups (a), and the 10GD21 (basalts) sample group 
(b); Chondrite‐normalized REE spider diagrams for the 10GD23 and 10GD25 sample groups 
(c) and  the 10GD21  sample group  (d). Normalization values  for  the primitive mantle and 
chondrite, as well as values for OIB, N‐MORB and E‐MORB, are from Sun and McDonough 
(1989). 
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2.4.4. Whole-rock Nd isotopes                                                                 
The bulk-rock Nd isotope data are listed in Table 2.2. The Chayuanshan basalts have 
(143Nd/144Nd)i values ranging from 0.51165 to 0.51167 and nearly constant 
corresponding εNd(t) values (–8.0 to –8.4), while the andesitic and dacitic samples 
have slightly lower (143Nd/144Nd)i values ranging from 0.51158 to 0.51160 and 
corresponding lower εNd(t) values (–9.4 to –9. 8). 
Table 2.2. Whole‐rock Nd‐isotope data for the volcanic samples from the Chayuanshan 
volcanic succession, northern Guangdong 
Sample#  Lithology  Sm  Nd  147Sm/144Nd  143Nd/144Nd  2σ(10‐7)  (143Nd/144Nd)i  εNd(t) 
10GD21‐1  basalt  3.06  12.6  0.1471    0.512082  32  0.511663  ‐8.1 
10GD21‐2  basalt  3.02  13.0  0.1404    0.512050  29  0.511650  ‐8.4 
10GD21‐4  basalt  1.99  8.07  0.1489    0.512090  37  0.511666  ‐8.0 
10GD21‐7  basalt  2.76  13.0  0.1279    0.512012  32  0.511648  ‐8.4 
10GD21‐8  basalt  2.51  10.8  0.1401    0.512067  35  0.511668  ‐8.0 
10GD23‐1  andesite  6.08  31.1  0.1182    0.511914  35  0.511577  ‐9.8 
10GD23‐2  andesite  5.26  24.9  0.1278    0.511951  47  0.511587  ‐9.6 
10GD23‐3  andesite  6.14  30.3  0.1227    0.511946  35  0.511596  ‐9.4 













2.5.1 Timing of the Chayuanshan volcanism during the Wuyi–Yunkai orogeny 
The Silurian Chayuanshan volcanic succession sits on top of highly-deformed 
Cambro-Ordovician meta-quartz arkose with a high-angle unconformity. On the 
other hand, it is at a low-angle contact with mid-Devonian post-orogenic quartz 
sandstones with terrestrial polymictic basal conglomerate. The volcanic rocks are 
therefore regarded to have formed post-kinematic during the later stage of the 
Ordovician–Silurian Wuyi–Yunkai orogeny (Li et al., 2010c). Our zircon U-Pb 
dating of andesitic sample 10GD23-1 and dacitic sample 10GD25 gave consistent 
magmatic ages of 434 ± 6 Ma (2σ) and 435 ± 6 Ma (2σ), respectively. Such ages are 
younger than the peak metamorphic ages of 460–440 Ma for the orogeny, but 
synchronous with the widespread, commonly non-deformed late-orogenic felsic 
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magmatism dated mostly at the 440–415 Ma range (Li et al., 2010c and references 
therein). This age relationship is therefore consistent with aforementioned field 
constraints.  
2.5.2 Effects of alteration, crustal contamination and crystal fractionation 
The basaltic samples underwent variable degrees of alteration as evidenced by the 
existence of secondary minerals and variable LOI values (1.8–4.7%). The lack of 
meaningful correlations between Al2O3, SiO2, Fe2O3
T, MgO and TiO2 with LOI 
indicates that these elements were essentially immobile during alteration. Zirconium, 
one of the most immobile elements during low-degree metamorphism and alteration, 
could be an alteration-independent index to test the mobility of other trace elements 
(e.g., Wang et al., 2010 and references therein). We therefore used bivariate plots of 
Zr against selected trace elements to evaluate the mobility of such elements during 
alteration (figures not shown). The contents of high field strength elements (HFSEs, 
such as Nb, Ta, Zr, Hf, Th, U, and Y), rare earth elements (REEs) and Y correlate 
well with Zr contents, suggesting that these elements were essentially immobile 
during alteration. In contrast, large iron lithosphile elements (LILEs, such as Cs, Rb, 
Sr, and Ba), and other elements such as Mn, K, Na, and Ca, show no correlation with 
Zr, indicating variable degrees of mobility during alteration. In the following 
discussions, only immobile elements are used for evaluating primary magma sources 
and petrogenesis of the volcanic rocks. 
To evaluate the effect of crustal contamination, we examined correlations among 
selected trace element ratios such as La/Sm, Nb/La, Th/Ta, Sm/Nd, and Nb/U. The 
correlations between these ratios could be caused by crustal contamination or 
contributions from an enriched sub-continental lithospheric mantle (SCLM), but the 
latter should not produce correlations between major elements (such as MgO, SiO2 
and Fe2O3
T), isotope ratios and above-mentioned trace element ratios. The basaltic 
samples exhibit clear correlations between Sm/Nd vs. Nb/La and La/Sm vs. Nb/La 
(Figure 2.6a–b), likely indicating crustal contamination and/or the involvement of 
SCLM components. No clear correlation is found in the bivariation diagrams of 
Nb/U vs. SiO2/MgO and Nb/La vs. MgO (Figure 2.6c–d), ruling out the possibility of 
significant crustal contamination (e.g., Wang et al., 2008). Although the basalts 
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display a large range of SiO2 (44.8–51.5 wt.%), MgO (12.3–19.2 wt.%), and Al2O3 
(10.2–12.8 wt.%) contents, they have nearly constant εNd(t) values (–8.0 to –8.4). 
This suggests that crustal contamination, often introducing a wider range of εNd(t) 
values due to complex crustal compositions, was insignificant in the generation of 
the basalts. The lack of clear correlation in εNd(t) vs. Nb/La and Zr/Nb vs. Nb/La 











For the Chayuanshan basalts, decreases in MgO and FeOT with increasing SiO2 
indicate possible crystal fractionation/accumulation of olivine in the magma chamber, 
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or during magma ascent (Figure 2.7a–b). The high MgO content (12.3–19.2 wt.%) 
suggests likely olivine accumulation as the magma was ascending. Variation trends in 
the plots of Mg# vs. Cr, Ni, Sc, SiO2, CaO/Al2O3 and FeO
T (Figure 2.7c–h) suggest 
that the basalts may have experienced olivine fractionation/accumulation first, 
followed by low-pressure fractionation of clinopyroxene and plagioclase as the 
magma rose through the upper mantle and the continental crust. The fact that 
phenocrysts in the basalts are mainly clinopyroxene and plagioclase is consistent 
with such an interpretation.                                                                   
In summary, the Chayuanshan basalts experienced olivine fractionation followed by 
mainly clinopyroxene and plagioclase fractionation during magma ascent. Chemical 
alteration did not have impact on most incompatible trace elements, but did affect a 
few compatible elements such as Mn, K, Na and Ca. 
2.5.3 Primary melts of the Chayuanshan basalts 
Chemical composition of primary melts could reflect chemical and thermal 
conditions of the magma sources (e.g., Herzberg et al., 2007; Langmuir et al., 1992; 
McKenzie and Bickle, 1988). Basaltic primary melts generally have Ni > 400 ppm, 
Cr > 1000 ppm (Wilson, 1989), and Mg# = 73–81 (Sharma, 1997 and references 
therein). The Chayuanshan basalts have an average Ni content of 416 ppm (214–715 
ppm), Cr of 918 ppm (724–1107 ppm) and Mg# of 75–80, similar to those of primary 
melts. To further constrain the composition of the primary magma, and to 
compensate for the effect of crystallization, all samples with least crustal 
contamination were used for the calculation and correction following the steps below: 
(1) the composition of equilibrium olivine was obtained using KD (Fe / Mg)oliv/liq = 
0.31 (Putirka, 2005) and DNi
oliv/liq (Beattie et al., 1991), assuming that Fe2+ / ∑Fe = 
0.90 in the melt (Putirka, 2005); (2) a more primitive basalt composition was 
calculated as a mixture of the basalt in equilibrium with olivine in a weight ratio of 
99.9 : 0.1; (3) repeating the first two steps using the calculated primitive basalt to 
obtain a more primitive basalt composition (Langmuir et al., 1992; Wang et al., 2008; 
Wang et al., 2012). The calculated results are presented in Table 2.3. The major 
uncertainty of the method comes from the value of KD, the redox state (Fe3+ / ∑Fe) 
and the mantle Mg# (Wang et al., 2012).  






















SiO2  48.5  53.2  52.8  51.1  50.0  51.7  51.9  49.5 
TiO2  0.83  0.80  0.70  0.75  0.76  0.81  0.62  0.74 
Al2O3  12.6  12.9  11.8  12.5  12.6  13.1  10.5  11.6 
FeOT  10.3  7.54  7.68  8.62  8.81  8.63  7.58  10.3 
MnO  0.24  0.15  0.18  0.16  0.18  0.16  0.18  0.22 
MgO  16.6  12.2  12.4  14.0  14.2  14.0  13.5  16.6 
CaO  9.30  8.04  11.8  10.6  9.65  6.71  11.9  8.27 
Na2O  0.41  1.62  0.41  0.68  0.65  1.38  0.52  0.60 
K2O  0.17  2.59  1.54  0.77  2.19  2.60  1.20  1.19 
H2O  0.50  0.47  0.28  0.34  0.48  0.50  0.51  0.42 
Fo  0.90  0.90  0.90  0.90  0.90  0.90  0.90  0.90 
F  0.89  0.99  0.95  0.98  0.94  1.03  1.01  0.94 
T (°C)  1450  1306  1323  1370  1377  1355  1313  1444 




T  (°C)  represents  the melting  temperature,  P(GPa)  represents  the  effective melting  pressure, 
both calculated following Lee et al. (2009). 
In the case of our calculations, the major uncertainty arises from the mantle Mg#. 
The Nd isotope and trace element compositions of the Chayuanshan basalts indicate 
that these high-Mg basalts were most likely derived from an ancient sub-continental 
lithospheric mantle (SCLM), which is generally depleted in basaltic melts in 
comparison with the asthenospheric mantle, resulting in high mantle Mg# values. To 
minimize the effect of clinopyroxene fractionation, only samples with SiO2 < 53 
wt.%, CaO ≥ 9 wt.%, LOI < 3 wt.%, Ni > 400 ppm, and Cr > 1000 ppm were chosen 
as initial materials to constrain the composition of the primary melts, and under such 
conditions, we chose two least-evolved basaltic samples (10GD21-4 and 10GD21-5) 
for the calculation. The calculated primary basaltic melt has ~50.5 wt.% SiO2, ~14.1 
wt.% MgO and ~8.7 wt.% FeOT. 
Melting conditions and mantle potential temperatures can be estimated using primary 
melt compositions (Wang et al., 2012 and references therein). Effective melting 
pressure (Pf), an average equilibration pressure, is estimated at 1.0–1.4 GPa for the 
Chayuanshan basalts using the method of Lee et al. (2009). The estimated pressure is 
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consistent with the flat HREE patterns of the basalts (Figure 2.5b), indicating that 
partial melting occurred within the spinel stability field. The estimated melting 
temperature (T) is about 1370 oC using the method in Lee et al (2009). MgO 
concentrations of primary basaltic melts are directly related to melt temperatures 
(e.g., Albarède, 1992; Herzberg et al., 2007). The melt temperature of the 
Chayuanshan basalts is calculated at 1400 ± 40 °C (2σ) using the equation T (°C) = 
2000 × MgO wt.% / (MgO wt.% + SiO2 wt.%) + 969 (Albarède, 1992), consistent 
within error, with the estimation of 1370 ± 45 °C (2σ) using the alternative approach 
of Lee et al. (2009). The mantle potential temperature (Tp) is estimated at about 1430 
oC (Herzberg et al., 2007). 
It is noteworthy that neither of the two estimation models takes into account the 
effect of water, which is another factor that influences the melting temperatures and 
pressures. H2O concentrations in melts were estimated using their primary Ce, 
assuming that the studied basalts have the same H2O/Ce ratios of ~200 as oceanic 
basalts (Herzberg et al., 2007). The calculated H2O concentrations are constant at 0.5 
wt.% based on the Ce contents of all nine basaltic samples. However, this may 
represent an underestimation of the water concentration because the high Si–Mg and 
low Fe concentrations associated with the significant depletions of Nb, Ta, Zr, Hf and 
Ti indicate that the source of the basalts was enriched in fluids (Wang et al., 2008 and 
references therein). There may have been other fluid phases (such as CO2 and Cl), or 
higher H2O/Ce ratios, in the melts compared with that in oceanic basalts. If we 
accept the highest value of H2O/Ce (~300) from oceanic basalts (Dixon et al., 2002; 
Michael, 1995), the calculated H2O concentration is ~0.75 wt.%. The effect of H2O 
on olivine liquidus temperature was demonstrated as liquidus depression temperature 
(oC) = 74.403 × (H2O wt.%)
0.352 (Falloon and Danyushevsky, 2000). About 0.75 
wt.% H2O would suppress the melt temperature by ~70 °C relative to the anhydrous 
system. Therefore, both the estimated melting temperature and mantle potential 
temperature for the melting region of the SCLM are ~1300 oC, similar to that of a 
MORB-like asthenospheric mantle (McKenzie and Bickle, 1988).  
2.5.4 Origin of the Chayuanshan basalts and andesites 
Mantle convection normally involves the mobility of the viscous asthenosphere 
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rather than the solid sub-continental lithospheric mantle (e.g., Hager, 1981; Morgan, 
1972). Sub-continental lithospheric mantle thus could be a distinct geochemical 
reservoir that provides significant impact on the trace elements and isotope 
concentrations of intra-plate basalts (e.g., Murphy and Dostal, 2007; Sprung et al., 
2007; Wilson et al., 1995). The SCLM could also contain metasomatized veins that 
preserve geochemical signatures of ancient subduction events or record previous 
infiltration of asthenospheric melts (e.g., Sprung et al., 2007; Wang et al., 2008). 
Recent experiments show that subduction-derived fluids are characterized by low 
Nb/La and Nb/Th ratios but high Th/Ta and LREE/HREE ratios (e.g., Kessel et al., 
2005). Such tectonic processes likely lead to the sub-continental lithospheric mantle 
becoming selectively enriched in incompatible elements and hydrous phases, and 
basalts consequently derived from such sources would thus be enriched in Th, LREE, 
but relatively depleted in HFSEs (such as Nb, Ta, Zr and Hf). 
 




The following lines of evidence argue for the Chayuanshan basalts being derived 
from a metasomatized sub-continental lithospheric mantle. First, their low Nb/La 
ratios (0.4–0.8) and negative εNd(t) values (–8.0 to –8.4) fit the characteristics of 
melts from the sub-continental lithospheric mantle as summarized in DePalo and 
Daley (2000). The Chayuanshan basalts plot into the field of South China 
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sub-continental lithospheric mantle back-corrected to 435 Ma (Figure 2.8) using data 
from previous studies (e.g., Fang et al., 2002; Li et al., 2006; Wang et al., 2008; Xiao 
et al., 2004; Zhang et al., 2001; Zhang et al., 2008) and time evolution trend of εNd 
values (DePalo and Daley, 2000; Murphy et al., 2008). Second, extremely low yet 
nearly constant Nd isotopic compositions in the nine basaltic samples imply that 
these basalts originated from an ancient sub-continental lithospheric mantle. 
Depletions in Nb–Ta and Zr–Hf–Ti suggest that the magma source may have 
experienced melt/fluid interaction before partial melting, which could be caused by 
previous subduction. 
Andesites can be generated by differentiation of coeval basaltic magma melts 
followed by the assimilation and fractionation crystallization (AFC) processes during 
interactions with the crust (e.g., Mcbirney et al., 1987; Tatsumi, 2006). The 
Chayuanshan andesites and dacites have geochemical characteristics of constant and 
negative εNd(t) values (–9.4 to –9.8), and relatively low Nb/La ratios (0.3–0.4). The 
andesitic and dacitic samples share the same evolution trend as the basalts on the 
bivariation plots of Sm/Nd vs. Nb/La and La/Sm vs. Nb/La (Figure 2.6a–b), 
suggesting that the andesites and dacites were likely derived from the highly evolved 
basaltic end-member. Their relatively lower εNd(t) values, compared with the basalts, 
imply that they were generated by a basaltic magma which has assimilated with 
evolved crustal materials. This is consistent with their relatively high zircon δ18O 
values of 7–9‰ and highly variable and negative εHf(t) values of –22 to –6.  
2.5.5 The Chayuanshan volcanic succession: a product of post-kinematic 
lithospheric delamination? 
As discussed above, the Chayuanshan volcanic rocks were probably derived from a 
metasomatized sub-continental lithospheric mantle (SCLM) with saturated water 
content and a MORB-like potential temperature. We also notice that the basalt 
outcrops occur close to the edge of the high-grade metamorphic core of the 
Wuyi–Yunkai orogen (Figure 2.1a). There are a number of scenarios in which the 
SCLM as part of a young intra-plate orogenic root can melt. One is lithosphere 
extension and decompression, which may occur in the late-orogenic stage. However, 
numerical modeling indicates that it is difficult to melt shallow lithospheric peridotite 
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(< 60 km) through extension alone at pressures less than about 2.0 GPa, even if 
hydrated, because ascent paths for the lithospheric mantle during extension do not 
move the mantle materials into supersolidus conditions (Harry and Leeman, 1995).  
An orogenic cycle typically involves three stages of development (Froidevaux and 
Ricard, 1987): (1) crustal shortening leading to a thick crust and high topography at 
the orogenic core, (2) the thickened crust resisting further shortening, crustal root 
experiencing eclogite facies metamorphism, with the possibility of causing the 
delamination of both the eclogitic lower crustal and the attached lithospheric mantle, 
(3) late-orogenic tectonic collapse as a result of mantle–crust isostatic re-equilibrium 
(Leech, 2001; Schott and Schmeling, 1998). Crustal delamination requires that the 
crustal root undergoes mineral equilibration under eclogite facies, and becomes 
denser than the underlying mantle (Arndt and Goldstein, 1989). The delaminated 
eclogitic lower crust, along with the attached SCLM, would drop into the hotter 
asthenosphere, promoting regional asthenospheric upwelling. 
Here we use the orogenic root delamination model (Figure 2.9), as proposed by Li et 
al. (2010c), to explain the generation of the Chayuanshan volcanic rocks. The model 
is supported by the following evidence and arguments. (1) Geochemical analyses on 
the basalts indicate that the basaltic magma was likely derived from an ancient 
hydrated sub-continental lithosphere mantle, whereas the andesites and dacites were 
the products of AFC processes with interactions between the basaltic magma and 
evolved crustal materials. (2) Melting of a hydrated SCLM requires it to be heated 
and elevated to a level with significantly lower pressure. The delamination of an 
orogenic root would bring a significant elevation of temperature at the edge of the 
remaining SCLM by asthenosphere upwelling. It would also reduce the pressure of 
the region by orogenic collapse as a consequence of the root delamination (Figure 
2.9). (3) The melting temperature for the basaltic magma and the calculated mantle 
potential temperature are both ~1300 oC, similar to that of a MORB-like 
asthenospheric mantle, supporting the hypothesis that the partially molten SCLM 
was heated up by upwelling asthenosphere triggered by the dropping of the 
delaminated lithosphere (Figure 2.9). (4) The Chayuanshan volcanic rocks 
unconformably overlie the strongly deformed Cambro-Ordovician succession with a 
high-angle contact, but is in nearly parallel depositional contact with the overlying, 
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post-orogenic Devonian succession (Figure 2.1b), indicating that the magmatic event 
occurred after peak deformation in the region but prior to the end of the orogeny, 
consistent with these volcanic rocks being formed during post-kinematic orogenic 
root delamination. (5) The ca. 435 Ma age of the volcanism post-dates the high-grade 
metamorphism at ca. 460–440 Ma, but synchronous with the widespread, dominantly 
post-kinematic felsic magmatism at ca. 440–415 Ma (Li et al., 2010c and references 
therein), making the underplating of such mafic magmatism, in combination with 
heat from the upwelling asthenosphere and decompression due to orogenic collapse, 
a plausible cause for the widespread post-kinematic felsic magmatism (Figure 2.9). 
(6) The location of the Chayuanshan volcanic rocks near the margin of the orogenic 
core is consistent with the model prediction in which the delaminated orogenic root 
was primarily from the region below the core of the orogen (Figure 2.9). 
The model also predicts asthenospheric melts due to decompression after the 
delamination. Such melts likely contributed to the basaltic underplating beneath the 
orogen. However, outcrop of such magmatism has not yet been identified, possibly 
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2.6 Conclusions 
We report here geochronological, geochemical and isotopic data for the first lower 
Palaeozoic mafic-intermediate volcanic succession found in the Ordovician–Silurian 
(>460 Ma to ca. 420 Ma) Wuyi–Yunkai orogen in the South China Block. Our results 
place new constraints on the timing of the late-orogenic magmatism, and support the 
model of post-kinematic lithospheric delamination and orogenic collapse for the 
generation of widespread post-kinematic Silurian magmatism in South China. Our 
main findings are the followings:     
(1) The Chayuanshan volcanic succession, consisting of high-Mg basalts, andesites 
and dacites with a crystallization age of ~435 Ma (early Silurian), is the first syn- to 
late-orogenic mafic to intermediate volcanic succession found in the lower 
Palaeozoic Wuyi–Yunkai orogen. It occurred after the major regional deformation as 
well as the high-grade metamorphism at ca. 460–440 Ma in the orogenic core but 
prior to the formation of the post-orogenic mid-Devonian succession; 
(2) The basalts are characterized by high Mg contents (MgO = 12.3–19.2 wt.%), low 
εNd(t) values (–8.0 to –8.4), and low Nb/La ratios (0.4–0.8). The andesites and dacites 
are characterized by high Mg (MgO = 1.9–4.6 wt.%), slightly lower εNd(t) values 
(–9.4 to –9.8), lower Nb/La ratios (0.3–0.4), negative zircon εHf(t) values (–21.7 to 
–6.3) and positive zircon δ18O values (7.3–9.0‰); 
(3) The basalts were likely derived from partial melting of an ancient hydrated and 
metasomatized sub-continental lithospheric mantle with potential melting 
temperature of ~1300 °C. The andesites and dacites were likely generated from the 
same basaltic magma by AFC processes; 
(4) Post-kinematic lithospheric delamination in the Wuyi–Yunkai orogen likely 
caused partial melting near the edge of the remaining sub-continental lithospheric 
mantle by upwelling asthenosphere, which produced the Chayuanshan volcanic rocks. 
Heat from the upwelling asthenosphere as well as possible basaltic underplating, and 
regional decompression caused by orogenic collapse, can best explain the widespread 
and synchronous granites along the orogen.  
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Abstract 
The palaeogeographic positions of the South China Block (SCB) during the 
Neoproterozoic and early Palaeozoic are important for understanding the 
transition from the break-up of the supercontinent Rodinia to the formation of 
Gondwanaland. Integrated in situ U–Pb ages and Hf–O isotope analyses of 
detrital zircons from Cambrian sedimentary rocks in the southwestern SCB 
reveal major age populations at 2500 Ma, 1100 to 900 Ma, 850 to 750 Ma and 
650 to 500 Ma, with a predominant group at ~980 Ma that counts for ~50 
percent of all analyses. Zircon Hf–O isotopic results suggest three Precambrian 
episodes of juvenile crustal growth for the source area(s) (3.0 Ga, 2.5 Ga and 1.0 
Ga), with major crustal reworking at 580 to 500 Ma. The source provenance as 
defined by the U–Pb and Hf analyses is distinctly different from the known 
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tectonomagmatic record of the SCB, or that of western Australia or western 
Laurentia, but matches well with that of the Ediacaran (latest 
Neoproterozoic)–Cambrian clastic sedimentary rocks and granitic intrusions in 
the NW Indian Himalaya. The SCB–NW India provenance linkage appears to 
have started from the Ediacaran. We propose that after breaking away from 
central Rodinia, the SCB collided with NW India during the 
Ediacaran–Ordovician time, causing the “Pan-African” Kurgiakh/Bhimphedian 
orogeny at the northern margin of India as well as the intraplate Wuyi–Yunkai 
orogeny (>460 Ma – 415 Ma) in South China. The Ediacaran–lower Palaeozoic 
clastic sedimentary rocks in the Nanhua Basin are therefore interpreted to be 
foreland deposits formed during the collision of the SCB with Gondwanaland.  
Key words: Detrital zircon, Cambrian, Cathaysia Block, South China, North India, 
Rodinia, Gondwanaland 
3.1 Introduction 
The South China Block (SCB; Figure 3.1A inset) has featured prominently in studies 
of Earth history during the Precambrian–Cambrian transition, including the 
Neoproterozoic extreme global palaeoclimate (for example, Jiang and others, 2003), 
the rapid explosion of complex life (for example, Zhu and others, 2007), and the 
closely linked issue of global palaeogeography between the break-up of the 
Neoproterozoic supercontinent Rodinia and the formation of Gondwanaland (for 
example, Hoffman, 1991; Z.X. Li and others, 1996; Zhou and others, 2002). It has 
been suggested that the Cathaysia Block of the SCB was once connected to western 
Laurentia during the Mesoproterozoic, and joined with the Yangtze Block and 
Australia by ca. 900 Ma to become a central part of the early Neoproterozoic 
supercontinent Rodinia (Z.X. Li and others, 2008a). The coherent SCB broke away 
during the break-up of Rodinia in the mid- to late-Neoproterozoic (750–650 Ma), and 
then drifted toward the margin of eastern Gondwanaland by the Cambrian (Z.X. Li 
and others, 1996; Z.X. Li and Powell, 2001). Alternatively, it has been suggested that 
the SCB started its western Australia–northern India connection since Rodinia time 
or earlier (Zhang and Piper, 1997; Jiang and others, 2003; Yang and others, 2004; Yu 
and others, 2008; Cawood and others, 2013), or was on the margin of northwestern 
Australia at that time (Zhou and others, 2002, 2006; Wang and others, 2004). The 
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main reason for the existence of such diverse views is the current poor knowledge of 
the Precambrian evolution of the Cathaysia Block and that of the SCB in general, due 
to its extensive Phanerozoic reworking and poor outcrops of basement rocks (for 
example, Gan and others, 1995; X.H. Li, 1997; Chen and Jahn, 1998; Wan and others, 
2007; Xu and others, 2007; Yu and others, 2010).  
Detrital zircons from siliciclastic sedimentary rocks have proven to provide a good 
record of geological information about their source regions (for example, Barth and 
others, 2000; Neves, 2003). U–Pb age spectra of such detrital zircons can indicate 
provenance characteristics, including possible magmatic events that the source 
region experienced and affinity with other terranes/blocks (for example, Condie and 
others, 2009; Zhu and others, 2011). In situ Hf–O isotopic results for detrital zircons 
can further reveal tectonothermal events involving either mantle input to existing 
continental crust and/or reworking of pre-existing crustal materials (for example, 
Griffin and others, 2004; Hawkesworth and Kemp, 2006; Kemp and others, 2006; 
Belousva and others, 2010). Integrated detrital zircon U–Pb ages and Hf–O isotopic 
analyses have therefore become a powerful tool for deciphering the evolution of 
continental crust (for example, Zhang and others, 2006; Condie and others, 2009), 
for reconstructing continental block/terrane assemblages (for example, Stewart and 
others, 2001; Zhu and others, 2011) – particularly for terranes like the Cathaysia 
Block where basement bedrock is poorly exposed, and for analyzing transportation 
processes and provenance mixing (Zhang and others, 2012). 
In this study, we report detrital zircon U–Pb ages and Hf–O isotopes for Cambrian 
marine sandstones/metasandstones that were deposited in Guangdong Province, 
western Cathaysia (Figure 3.1). Together with published detrital zircon U–Pb/Hf data 
of latest Neoproterozoic (Ediacaran)–Cambrian clastic sedimentary rocks from 
nearby regions, these data offer new insights on the late Precambrian to early 
Palaeozoic tectonic evolution of the SCB and shed light on its interactions with other 
continents from the break-up of Rodinia to the assembly of Gondwanaland. 
3.2 Geological Background and Sampling 
The SCB, consisting of the Yangtze Block in the northwest and the Cathaysia Block 
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in the southeast, is bounded by the Mesozoic Qinling–Dabie–Sulu orogenic belt to 
the north, the Mesozoic–Cenozoic Longmenshan orogenic belt to the northwest, the 
Cenozoic Red River Fault to the southwest, and the Cenozoic continental slope of the 
East and South China seas to the southeast (Figure 3.1). The present boundary 
between the Yangtze and Cathaysia blocks in eastern South China is approximately 
the northeasterly trending Jiangshan–Shaoxing Fault (Figure 3.1A). However, the 
southwestern extension of this boundary is unclear due to poor exposure and tectonic 
modifications (Ren, 1991; Z.X. Li and others, 2010).  
The Yangtze and Cathaysia blocks exhibit different pre-Neoproterozoic crustal 
growth histories with contrasting crystalline basement rocks. The Yangtze basement 
consists predominantly of Proterozoic rocks with minor outcrops of Archean rocks 
found in the Kongling Complex in northern Yangtze (locally known as the Kongling 
“Group”, dated at ca. 3.3 to 3.2 Ga and ca. 2.95 to 2.90 Ga; Qiu and others, 2000; 
Zheng and others, 2006; Jiao and others, 2009; Gao and others, 2011). Along the 
southeastern Yangtze margin, scattered outcrops of Mesoproterozoic 
metasedimentary rocks (≤1.53 Ga) that experienced 1.04 to 0.94 Ga 
metamorphism/reworking (Z.X. Li and others, 2007), and some 1.16 to 0.88 Ga 
magmatic rocks (Ye and others, 2007; W.X. Li and others, 2008; X.H. Li and others, 
2009; L. Li and others, 2013), are present. More widespread outcrops of ca. 1.7 to 
0.9 Ga volcanic and sedimentary rocks, or their metamorphosed equivalents, are 
found along the southwestern Yangtze margin (Z.X. Li and others, 2002; Greentree 
and others, 2006; Greentree and Z.X. Li, 2008; Sun and others, 2009; Zhao and 
others, 2010). Widespread mid- to late-Neoproterozoic igneous rocks (860 to 750 Ma) 
and volcaniclastic successions are well developed in rift basins along the Yangtze 
margins (for example, Zhou and others, 2002, 2006; Z.X. Li and others, 2003; X.H. 
Li and others, 2003; Wang and others, 2006; W.X. Li and others, 2010).  
The Cathaysia Block has even less Precambrian basement exposed, with most 
regions covered by Phanerozoic (particularly Mesozoic) sedimentary and/or volcanic 
rocks. Although Archean zircons have been reported from either Cathaysian 
sedimentary rocks (for example, X.H. Li, 1997; Wan and others, 2007; Xu and others, 
2007; Yu and others, 2009; Z.X. Li and others, 2010; Yao and others, 2011) or as 
xenocrysts in volcanic rocks (Zheng and others, 2011), no Archean rocks have been 
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identified so far. The oldest known crystalline basement rocks are the ca. 1.89 to 1.77 
Ga granites and amphibolite facies metamorphic rocks in western Zhejiang and 
northwestern Fujian Provinces in the northeast part of Cathaysia (X.H. Li, 1997; Z.X. 
Li and X.H. Li, 2007; Xiang and others, 2008; Zeng and others, 2008; Yu and others, 
2011). On Hainan Island in southwestern Cathaysia (Figure 3.1A), known 
Precambrian basement rocks include the ca. 1.43 Ga Baoban Complex gneissic 
granitoids, adjacent coeval Shilu Group metavolcaniclastic succession and the 
overlying ca. 1.0 Ga Shihuiding Formation metasedimentary rocks (Ma and others, 
1998; Z.X. Li and others, 2002, 2008a). Mid- to late-Neoproterozoic (860–750 Ma) 
bimodal magmatic rocks and volcaniclastic successions (for example, W.X. Li and 
others, 2005; Shu and others, 2011) are also widely exposed on the Cathaysian side 
of the mid-Neoproterozoic Nanhua rift basin (Figure 3.1A). 
Rifting in the mid- to late-Neoproterozoic Nanhua Basin ceased at ca. 700 Ma (Wang 
and Li, 2003), with the failed rift continuing to receive the uppermost 
Neoproterozoic (Ediacaran) to early Palaeozoic (Cambrian) sedimentary successions 
(Figure 3.1B; BGMRJX, 1984; BGMRGX, 1985; BGMRGD, 1988; BGMRGZ, 
1988; BGMRHN, 1988; Ren, 1991; Ren and others, 1997; Yu and others, 2009). 
However, the sedimentation patterns of the Yangtze and Cathaysia blocks during the 
Ediacaran–Cambrian were quite different (Liu and Xu, 1994). The Yangtze Block 
was dominated by the precipitation of carbonate, argillaceous carbonate/dolomite, 
arenaceous carbonate, with siliciclastic intercalations found in the lower Cambrian 
strata in western Yangtze (BGMRGX, 1985; BGMRGZ, 1988; BGMRHN, 1988). It 
indicates that for much of the Ediacaran–Cambrian time the Yangtze Block was 
covered by shallow seas with no major elevated land areas to provide significant 
terrestrial detritus. In contrast, the Cathaysia Block received massive siliciclastic 
sedimentation (BGMRJX, 1984; BGMRGX, 1985; BGMRGD, 1988; BGMRHN, 
1988), consisting of shale, siltstone, arkosic sandstone, quartz sandstone and minor 
pebbly sandstone (Figure 3.1B). 
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Figure 3.1.  (A) Distribution of Precambrian and Cambrian  rocks  in  the South China Block 
(SCB) and sample  locations  for both  this study and previous studies.  Inset  figure  in  figure 
3.1A  shows  the  current  geographic  sketch  of  major  continental  blocks/terranes  in  the 
Southeast Asia. In which: NCB – North China Block, SCB – South China Block, Y – Yangtze, C – 
Cathaysia, M  – Mongolian  terranes,  T  –  Tarim,  L  –  Lhasa,  S  –  Subumasu  (including  the 
Qiangtang  terrane,  shown  as  "Q"),  I  –  Indochina,  WB  –  West  Burma.  (B)  Mid‐  to 
late‐Cambrian palaeogeographic map of the SCB (revised after Wang, 1985 and Liu and Xu, 
2004)  with  sample  locations  for  this  study.  Some  facies  boundaries  are  truncated  by 
younger thrust faults (red lines).   
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The Cambrian strata in Guangdong Province of western Cathaysia are generally 
referred to as the Bacun Group (BGMRGD, 1988), exhibiting marine clastic 
sedimentation. Its lower boundary is defined by a conformably underlying cherty 
unit at the top of the Ediacaran succession; this cherty unit is well developed and 
regionally correlatable through much of the Nanhua Basin (Liu and Xu, 1994). The 
upper boundary of the Cambrian strata is defined by conformably overlying 
Ordovician strata that contain early-Ordovician graptolites (BGMRGD, 1988; Zhang 
and He, 1993, and references therein). The Bacun Group in the northern Guangdong 
Province has been divided into three formations (Zhang and He, 1993). The bottom 
one is the Xiazhai Formation, consisting of quartz sandstone interlayered with 
carbonaceous shale and a few ‘stone coal’ (carbon-rich rocks that can be mined as 
fuels) units, and exhibiting characteristics of turbiditic marine facies. No Cambrian 
fossils have been found from this formation. The middle Bacun Group is called the 
Oujiadong Formation, featuring a series of transgression sequences. This formation 
hosts inarticulate brachiopod fossils Acrothele sp., Homotreta cf. venia (Walcott) and 
Obolus sp., and sponge fossil Protospongia sp. (Zhang and He, 1993, and references 
therein). The upper Bacun Group is called the Laoshuzhai Formation, consisting 
dominantly arkosic sandstone with muddy shale interlayers. It contains inarticulate 
brachiopod fossils Lingulella cf. liui Sun, Homotreta cf. venia, Obolus sp. and 
Palaeobolus cf. rotulus Wang, and the sponge fossil Protospongia sp. (Zhang and He, 
1993). The three formations have therefore been given the ages of lower-, mid- and 
upper-Cambrian, respectively (BGMRGD, 1988; Zhang and He, 1993). 
The Cambrian strata are best preserved in northern Guangdong Province, where the 
clastic successions are generally non-metamorphosed, but are complexly deformed 
and fault-interrupted with no single succession preserving the complete Cambrian 
strata. Here we examined and sampled the Oujiadong succession near Shaoguan, 
which is the type section for the Oujiadong and Laoshuzhai formations (Figure 3.2A 
and C; for location see Figure 3.1). The lower Cambrian Xiazhai Formation is 
missing from this succession as the Oujiadong Formation is in fault contact with 
either Neoproterozoic or Devonian strata (Figure 3.2A) (Zhang and He 1993). The 
succession is exposed along a small mountain track in a densely vegetated area. The 
lower part of the Oujiadong Formation consists of thick siltstone, fine-grained 
feldspathic quartz sandstone, and thin grey and purple mudstone. Horizontal 
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laminations are present in muddy sedimentary rocks (Figure 3.2D), indicating that 
transport energy was not high. The middle part of the Oujiadong Formation consists 
of packages of fine- to medium-grained thick quartz sandstone and thin shale units, 
with local low-angle cross-laminations observed in sandy units (Figure 3.2E). Local 
thin cherty units (Figure 3.2F) are present in the upper part of the Laoshuzhai 
Formation, which shares similar lithological associations with the underlying 
Oujiadong Formation. Three sandstone samples were collected from this 
stratigraphic section for detrital zircon provenance analysis, with samples 10GD16 
and 10GD17 from the lower and upper parts of the Oujiadong Formation, 
respectively. Sample 10GD19 was taken from the upper part of the Laoshuzhai 
Formaiton according to Zhang and He (1993).  
The Bacun Group in the southwestern Guangdong Province (Figure 3.2B) has 
generally been metamorphosed to greenschist facies. Although regional lithological 
correlations and fossils found in the metasedimentary rocks (for example, Lingulella 
cf. Liui, Homotreta cf. venia, H. cf. shantungenesis, Acrothele sp., Acrothele cf. 
asiatica, and Protospongia sp.) point to a Cambrian age for the metasedimentary 
rocks, unequivocal stratigraphic subdivision has not been possible (RGMRGD, 1964; 
BGMRGD, 1988). Here we collected two meta-sandstone samples for detrital zircon 
provenance analysis because of the approximation of the locality to the basin margin 
(Figure 3.1B): sample 10GD48 was from a locality ~50 km northwestern of 
Yangjiang city, and sample 10GD49-1 was from a locality ~20 km western of 
Yangjiang (Figure 3.2B). 




near  Shaoguan,  northern  Guangdong  Province  (after  Zhang  and  He,  1993).  (B)  Regional 




precisely  located.  (D)  Horizontal  laminations  in  grey‐black  muddy  shale.  (E)  Low‐angle 
cross‐laminations (marked as “S1”) in siltstone layers. (F) Cherty layers with high dip angles. 
The hammer is 28 cm in length, and the pencil is 15 cm in length, for scale. 
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3.3 Analytical Methods 
3.3.1 Sample Preparation 
Mineral separation of the five samples was conducted at the Institute of Hebei 
Regional Geology and Mineral Survey in Langfang, China. The crushed samples 
were washed with water and then with alcohol to extract the denser components. 
Magnetic and heavy liquid separation techniques were adopted for concentrating 
heavy minerals. Zircon grains were hand-picked under a binocular microscope, and 
then mounted in epoxy resin with zircon U–Pb standards 91500 and Plešovice, and 
zircon oxygen standard Penglai. The mounts were polished to expose the internal 
structure of the zircon grains. We analyzed at least 100 grains for each sample. All 
analyzed zircon grains were imaged in transmitted and reflected light, as well as by 
cathodoluminescence (CL) to reveal their internal structure. For those grains with 
rim–core structures, we analyzed their rims only, since these ages record the most 
recent tectonothermal events. 
3.3.2 Zircon U–Pb Geochronology 
3.3.2.1 LA-ICP-MS U–Pb dating  
Detrital zircon analyses for samples 10GD48 and 10GD49-1 were conducted at the 
Institute of Geology and Geophysics (IGG), Chinese Academy of Sciences (CAS) in 
Beijing, using an Agilent 7500a multicollector-inductively coupled plasma-mass 
spectrometer (MC-ICP-MS). Each analysis included a ~30s background 
measurement with laser off and a ~60s measurement at peak intensity. The ablation 
pits were generally ~45 μm in diameter and 30 to 40 μm in depth. External zircon 
standards 91500 with a 207U/206Pb age of 1065.4 ± 0.6 Ma (Wiedenbeck and others, 
1995, 2004) and GJ-1 with a 206U/238Pb age of 608.5 ± 0.4 Ma (Jackson and others, 
2004) were employed to correct for mass bias affecting U–Th–Pb ratios of the 
unknown zircon grains. NIST 610 glass was used for concentration information and 
the U/Th ratio determination. Detailed analytical procedures follow that of Xie and 
others (2008). Detrital zircon U–Pb analyses of samples 10GD16, 10GD17 and 
10GD19 were conducted using the LA-ICP-MS facility at the Geological Laboratory 
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Center, China University of Geosciences (Beijing), following the analytical 
procedure of Song and others (2010). Calibration of U–Th–Pb concentrations was 
carried out using zircon 91500 (Wiedenbeck and others, 1995) as an external 
standard. Zircon standards TEMORA (Black and others, 2003) and Plešovice (Sláma 
and others, 2008) were also used as additional monitors for ratio measurements and 
age calculations. Fractionation correction and age results were calculated using the 
GLITTER v. 4.0 (Van Achterbergh and others, 2001) and ISOPLOT/Ex v. 2.49 
(Ludwig, 2001a) software packages. Common lead was corrected following the 
methods described by Anderson (2002). The analytical LA-ICP-MS U–Pb data are 
present in Appendix B1. The U–Pb ages are based on 206Pb/238U for ages younger 
than 1000 Ma and 207Pb/206Pb for ages older than 1000 Ma, with uncertainties for 
both at the 1σ level.  
3.3.2.2 SHRIMP U–Pb dating  
Additional zircon U–Pb analyses on samples 10GD48 and 10GD49-1 were carried 
out at Curtin University, Australia, using the Sensitive High Resolution Ion Micro 
Probe (SHRIMP) facility. Standard operation conditions of 2 nA O2
– primary beam 
and spot size of ~25 μm in diameter and ~20 μm in depth were followed and each 
U–Th–Pb measurement consisted of six cycles. U abundances were calibrated using 
zircon 91500 (Wiedenbeck and others, 1995), and 206Pb/238U ratios were constrained 
by zircon Plešovice (Sláma and others, 2008). The detailed analytical procedure 
follows that of Williams (1998). Data reduction was carried out using the SQUID v. 
2.50 (Ludwig, 2001b) and ISOPLOT/Ex v. 2.49 (Ludwig, 2001a) packages. The 
interpreted U–Pb ages are based on 206Pb/238U for ages younger than 1000 Ma and 
207Pb/206Pb for ages older than 1000 Ma, with uncertainties at the 1σ level, whereas 
the weighted mean ages are quoted at the 95% confidence interval (2σ). The 
SHRIMP U–Pb data are present in Appendix B2. 
3.3.3 Zircon Oxygen Isotopic Analyses 
Zircon oxygen isotopic analyses were conducted on the Cameca IMS 1280 large 
radius SIMS facility at IGG–CAS. The Cs+ primary ion beam was accelerated to 10 
kV with an intensity of 2 nA. The analytical spots were the same as the U–Pb sites, 
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with U–Pb analyses conducted after the oxygen isotope measurements. Zircon 
standard Penglai with δ18O = 5.31 ± 0.10‰ (2σ) (X.H. Li and others, 2010a) was 
adopted for monitoring and correcting oxygen isotope measurements on unknown 
zircon grains. The detailed analytical procedure follows that described by X.H. Li 
and others (2010b). The zircon oxygen isotopic data for the samples from southwest 
Guangdong are given in Appendix B3. 
3.3.4 Zircon Lu–Hf Isotopic Analyses 
Zircon Lu–Hf isotopic analyses were carried out at IGG–CAS, using a 
ThermoFinnigan Neptune MC-ICP-MS equipped with a 193 nm laser. Zircon 
standards 91500 and GJ-1 were used as reference standards, with a recommended 
176Hf/177Hf ratio of 0.282307 ± 0.000031 (2σ) (for example, Wu and others, 2006) 
and 0.282000 ± 0.000005 (2σ) (Morel and others, 2008), respectively. Laser ablation 
Hf analytical spots were placed as closely as possible on the previously analyzed 
U–Pb sites guided by their zircon CL images, with spots of 60 μm in diameter and 45 
μm in depth. Details of the analytical and calculation procedures follow that of Wu 
and others (2006). Lu–Hf isotope data for all samples are given in Appendix B3. 
3.3.5 Sandstone Modal Compositions 
Modal compositions of sandstone samples were analyzed using the following 
procedure. Sandstone thin-sections were made from hand specimen, and mounted 
with epoxy resin. Six hundred grains were counted per thin-section using the 
Gazzi–Dickinson method (Gazzi, 1966; Dickinson, 1970; Ingersoll and others, 1984; 
Dickinson, 1985). The mineral types were identified and tabulated following the 
methods of Ingersoll and others (1984) and Dickinson (1985). Only quartz (Q), 
feldspar (F) and lithic fragments (L) were counted in our analyses to determine the 
first-order trend of sand composition.  
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3.4 Analytical Results 
3.4.1 Zircon U–Pb Geochronology 
A total of 655 zircon grains from five Cambrian clastic sedimentary samples was 
analyzed in this study. Apart from 25 measurements that gave Th/U <0.10, all the 
remaining 630 zircon grains have Th/U ratios ranging from 0.10 to 3.01. Except for a 
few Archean grains which are rounded in shape with no clear internal structures, 
most detrital zircons have subhedral shapes and show oscillatory zoning in CL 
images (Figure 3.3). These features suggest that most detrital zircons are of 
magmatic origin (for example, Corfu and others, 2003). For the following 
provenance analyses, we filtered the U–Pb results using a discordance cut-off <10% 
at the 1σ level. 
3.4.1.1 Sample 10GD16, northern Guangdong 
Sample 10GD16 was collected from the lower Oujiadong Formation in northern 
Guangdong (Figures 3.1 and 3.2). We analyzed 100 U–Pb spots on 100 zircon grains, 
all of which are concordant within uncertainties (that is, the 1σ ellipses overlap the 
concordia line). The measured 206Pb/238U (<1000 Ma) and 207Pb/206Pb (≥1000 Ma) 
ages range from 490 Ma to 3480 Ma, but the majority is between 500 and 1080 Ma, 
with a major peak at ~920 Ma and a minor one at ~520 Ma (Figure 3.3A). The four 
youngest grains give a weighted mean 206Pb/238U age of 499 ± 8 Ma (Figure 3.3A 
inset), defining the maximum depositional age. 
3.4.1.2 Sample 10GD17, northern Guangdong 
Sample 10GD17 was collected from the top part of the Oujiadong Formation in 
northern Guangdong (Figures 3.1 and 3.2). We analyzed 100 U–Pb spots on 100 
zircon grains, and all 100 results are concordant within uncertainties (Figure 3.3B). 
The ages of detrital zircons range from 500 Ma to 3310 Ma with two major peaks at 
~530 Ma and ~1000 Ma. The three youngest zircon grains give a weighted mean 
206Pb/238U age of 502 ± 7 Ma (Figure 3.3B inset), defining the maximum depositional 
age of the sample. 
South China’s Provenance Record of Rodinia to Gondwanaland Transition 
 71
3.4.1.3 Sample 10GD19, northern Guangdong. –Sample 10GD19 was collected 
from the upper Laoshuzhai Formation in northern Guangdong (Figures 3.1 and 3.2). 
Of the 100 analyses on 100 zircon grains from this sample, 97 are concordant within 
uncertainties (Figure 3.3C). Most analyses define a Neoproterozoic age peak at ~960 
Ma. The six youngest grains give a weighted mean 206Pb/238U age of 533 ± 7 Ma 
(Figure 3.3C inset), defining the maximum depositional age. 
3.4.1.4 Sample 10GD48, southwestern Guangdong. –Sample 10GD48 was collected 
from the metamorphosed Cambrian Bacun Group in southwestern Guangdong. We 
analyzed 170 U–Pb spots (120 LA-ICP-MS analyses and 50 SHRIMP analyses) on 
170 zircon grains, and 165 U–Pb results are concordant within uncertainties 
(Appendix B1 and B2; Figure 3.3D). The largest age population is ~1000 Ma, with 
minor clusters between 500 and 3000 Ma. There are six analyses with 206Pb/238U ages 
younger than the Cambrian chronostratigraphic age, including three discordant and 
three concordant ones (236, 244 and 339 Ma) (Figure 3.3D inset, shown in grey). 
The six young analyses likely reflect the metamorphic influences of post-Cambrian 
metamorphic event(s), particularly the Permo-Triassic Indosinian orogeny (for 
example, Z.X. Li and X.H. Li, 2007). Indeed, this sampling region is within the 
crystalline interior zones of both the Ordovician–Silurian Wuyi–Yunkai orogen (for 
example, Charvet and others, 2010; Z.X. Li and others, 2010) (Figure 3.1A) and the 
Indosinian orogen, where widespread Palaeozoic and Mesozoic metamorphic and 
magmatic events have been reported (for example, Wang and others, 2007; Wan and 
others, 2010). Excluding these six results, the two youngest grains in the remaining 
analyses give a weighted mean 206Pb/238U age of 489 ± 7 Ma (Figure 3.3D inset), 
defining the maximum depositional age for the protolith of the metasedimentary 
rock.  
3.4.1.5 Sample 10GD49-1, southwestern Guangdong. –Sample 10GD49-1 was also 
collected from the Cambrian Bacun Group in the western Cathaysia Block. We 
analyzed 185 U–Pb spots (120 LA-ICP-MS analyses and 65 SHRIMP analyses) on 
185 zircon grains, and 176 U–Pb results are concordant within uncertainties (Figure 
3.3E). There is one zircon with a 206Pb/238U age of ~350 Ma (Figure 3.3E inset), 
which is again interpreted as being resulted from the Wuyi–Yunkai and/or the 
Indosinian orogenies (see previous paragraph) The remaining 175 concordant 
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analyses form a major cluster around 1000 Ma, and several minor clusters between 
600 and 3100 Ma. The youngest zircon gives a 206Pb/238U age of 500 ± 15 Ma, 
defining the maximum depositional age for the protolith of the metasedimentary 
rock. 
  
Figure  3.3.  U–Pb  concordia  plots  of  detrital  zircons  from  the  five  Cambrian  sandstone 
samples  in  northern  and  southwestern  Guangdong.  Representative  CL  images  with 
analytical spots are also present. 
 




3.4.2 Zircon Oxygen Isotopes 
A total of 239 dated detrital zircons from samples 10GD48 and 10GD49-1 was 
selected for oxygen isotopic analysis. The δ18O values range from 4.5 permil to 11.9 
permil (Figure 3.4A), and the minimum values for both samples are 4.5 to 5.0 permil, 
consistent with mantle-derived zircon values (5.3 ± 0.6‰, Valley and others, 1998), 
whereas the maximum values increase from 7.6 permil in the Archean zircons to 11.9 
permil in the Palaeozoic zircons, following a trend similar to that documented by 
Valley and others (2005). 





δ18O  value  range  (4.7–5.9‰, 2σ; Valley  and others, 1998).  (B) Plot of  zircon  εHf(t)  values 
versus  U–Pb  ages  for  Cambrian  samples  from  Cathaysia  and  Permian  samples  from  the 
Tethyan Himalaya. (C) Enlarged plot of zircon εHf(t) values versus U–Pb ages as in (B) for the 
900–400 Ma range, where the dashed arrow  indicates more negative εHf(t) values after ca. 
580 Ma. The depleted mantle  (DM) and new continental crust  (NCC) evolution  lines were 
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3.4.4 Sandstone Modal Compositions 
Modal composition analyses show that the northern Guangdong samples (10GD16, 
10GD17 and 10GD19) plot in the field of dissected arc in the Q-F-L diagram (Figure 
3.5; Table 3.1). Quartz and other detrital grains in the thin sections of these samples 
show primary sedimentary textures (Figure 3.5, microphotos 1-3). The southwestern 
Guangdong metasedimentary samples (10GD48 and 10GD49-1), on the other hand, 
have lost their primary sedimentary textures, with quartz grains show secondary 
interlocking grain boundaries rather than their primary detrital grain boundaries 
(Figure 3.5, microphotos 4 and 5). Although these two samples plot in the field of 
“continental block” with abundant quartz but few lithic fragments (Figure 3.5), the 
Q-F-L plot is unlikely to give a valid interpretation on the tectonic environment of 
the source region(s) because of the metamorphic modification.   
Table 3.1. Modal composition of Cambrian sandstone samples 
Component counts    Component percentage (%) Sample 
name  Q  F  L  Total  Q  F  L 
10GD16  206  289  105  600  34.3  48.2  17.5 
10GD17  243  247  110  600  40.5  40.2  18.3 
10GD19  244  254  102  600  40.7  42.3  17.0 
10GD48  353  234  13  600  58.8  39.0  2.2 
10GD49‐1  398  200  2  600  66.3  33.3  0.4 
Note: Q = Quartz, F = Feldspar, L = Lithic fragment 
3.5 Interpretation and Discussion 
3.5.1 Results of Statistical Analysis to Determine Cambrian Provenance 
Variation within Cathaysia 
Here we summarize all published detrital U–Pb zircon age data of Cambrian clastic 
sedimentary rocks in the western Cathaysia Block (Wang and others, 2010b; Wu and 
others, 2010) and compare them with our new results (see Table 3.2 and Figure 3.1 
for sample localities). All our analyzed samples have similar age spectra, with a large 
population of zircons falling in the 1100 to 900 Ma age range (Figure 3.6), 
suggesting that they may have been derived from similar sources. To further 
determine the degree of similarity in the detrital sources between these samples, we 
ran the two–sample Kolmogorov–Smirnov (K–S) test (Kolmogorov, 1933; Smirnov, 
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1944). In the K–S test, the largest vertical difference between the cumulative 
probabilities of two tested samples is defined as the D value, and a critical D value 
for a test with 95% confidence (P0 = 0.05) is given by Dcritical = 1.36 ([M+N]/[MN])
1/2 
where M and N are the numbers of dated zircons with concordant ages from the two 
compared samples. If D value > Dcritical (P0 = 0.05), the null hypothesis (H0) that the 
two samples were derived from the same population can be rejected at a 95 percent 
confidence level. Otherwise, it would suggest that the two tested samples could have 
shared the same source. Alternatively, the probability level (P) at which the null 
hypothesis can be rejected is calculated following Schervish (1996). If the P value for 
a pair of samples is larger than 0.05, the null hypothesis cannot be rejected at a 95 
percent confidence; in other words, detritus of the two samples have not been shown 




with  a photomicrograph of  each of  the  sample.  Sample  (1) 10GD16,  (2) 10GD17  and  (3) 
10GD19  are  from  sandstone  samples  from  the  Oujiadong  section  of  the  northern 
Guangdong  Province,  whereas  samples  (4)  10GD48  and  (5)  10DG49‐1  are  from 
meta‐sandstone  samples  from  southwestern  Guangdong  Province  (see  Figure  3.1  for 
sample locations).   
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The zircon number for each tested Cambrian sample is given in table 3.2, and their 
calculated P and D (Dcritical) values are given in table 3.3. The samples can be divided 
into three groups according to their paired P values. The northern Guangdong 
samples (10GD16, 10GD17 and 10GD19) have P values > 0.05 when compared 
between them, implying that these three samples likely shared the same provenance. 
The southwestern Guangdong samples (10GD48 and 10GD49-1) have a P value of 
0.739 (> 0.05), also suggesting a common source. Of these two groups of samples, 
10GD19 is statistically indistinguishable from 10GD48 (P = 0.314) and 10GD49-1 (P 
= 0.309). Therefore, the Cambrian samples from northern and southwestern 


































































*  number  of  zircons  with  concordant  ages,  excluding  zircons  showing  lead  loss  (see 
“analytical results”) 
The western Jiangxi samples (J186, J188, J192, J200, JX12, JX16 and HU37 — note 
that sample HU37 is located in the easternmost Hunan Province near Jiangxi, and is 
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here treated as part of the western Jiangxi sample group) have P values >0.05 when 
any two of them are compared, and P values mostly >0.05 when compare any one of 
them with Guangdong samples 10GD19, 10GD48, and 10GD49-1 (Table 3.3). This 
indicates that the western Jiangxi samples likely share a similar provenance with 
these Guangdong samples. However, when comparing any one of the western Jiangxi 
samples with Guangdong samples 10GD16 and 10GD17, the P values are <0.05 





We observe that all three northern Guangdong samples (10GD16, 10GD17 and 
10GD19) contain large zircon population with peaks between 535 and 520 Ma 
(~13% of all analyses), which are not as prominent in the other samples (Figure 3.6). 
This dissimilarity can be caused by a number of reasons. One is that three of the 
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previously reported samples from western Jiangxi (samples JX12, JX16 and HU37) 
only have about 40 concordant analyses each, and there is therefore a high 
probability that the datasets are missing some zircon populations. The other is that as 
the ages of the sampled rocks spread from lower to upper Cambrian, they may thus 
contain different peaks related to syn-depositional magmatic activity. Excluding 
analyses younger than 540 Ma from all samples, a re-run of the K-S test revealed that 
the majority of the samples from the western Jiangxi and the northern Guangdong 
samples can no longer be distinguished from each other. Therefore, we conclude that 
the Guangdong samples and the western Jiangxi samples probably contained detritus 
from the same source(s). 
3.5.2 Transport Processes Affecting Age Distribution of Detrital Zircons 
Sediments carrying zircon grains are considered to be eroded from topographic highs, 
being washed and selected by stream action in drainage systems, and finally 
deposited in sedimentary basins (Reading, 1996; Nichols, 2009). Therefore, 
processes like recycling, dilution and temporal variation of drainage geometry are all 
important factors contributing to the age distribution of detrital zircons in a 
sedimentary rock (for example, Stewart and others, 2001; Gehrels and others, 2011). 
For modern sedimentation, it is possible to reconstruct the drainage system and 
transport processes (for example, Zhang and others, 2012). However, it is often 
difficult to do so for ancient sedimentary rocks due to the loss of palaeotopography 
and the fragmented record of palaeo-drainages (for example, Veevers and others, 
2005; Myrow and others, 2010). Indirect information such as palaeocurrents 
(indicating stream directions in palaeo-drainage; for example, Myrow and others, 
2006a, 2006b; Wang and others, 2010b), and sandstone compositions (suggesting 
transport distance away from source areas; for example, Ingersoll and others, 1984) 
can then be utilized for determining ancient transport processes affecting the 
sediments. 
Based on systematic regional data compilation and facies analyses, it has been 
established that the Cathaysia Block was a NW-deepening (in present coordinates) 
continental shelf/slope that experienced marine clastic deposition in Cambrian time 
(for example, Wang, 1985; Liu and Xu, 1994; Chen and others, 1995, 1997) (Figure 
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3.1B). As the grain sizes of clastic sediments increase to the southeast (BGMRJX, 
1984; BGMRFJ, 1985; BGMRGD, 1988; BGMRHN, 1988; Chen and others, 1997), 
this may suggest a potential source region to the southeast. However, with almost the 
entire region beneath the sea during the Cambrian, we speculate that the sediments 
might have been transported from their source region(s) and deposited first as major 
deltaic systems (like the Cenozoic Bengal delta system, for example), and then 
carried by shore-parallel currents, with little local addition. This is similar to the case 
suggested for Cambrian–Triassic eastern Australia where the sediments were 
considered to have been mainly derived from neighboring East Antarctica within 
Gondwanaland (Veevers and others, 2006). 
To analyze the effect of recycling from underlying sedimentary successions on the 
age distribution of detrital zircons in the Cambrian samples, we compared the age 
spectra of detrital zircons with those of Ediacaran (Yu and others, 2008, 2010; Wu 
and others, 2010) and Cryogenian (Wang and others, 2010a, 2012a) sedimentary 
rocks in the Nanhua Basin (Figure 3.7A-C). The Cambrian and Ediacaran 
sedimentary rocks, both from the Cathaysia side of the Nanhua Basin, share similar 
age spectra, with a common age peak at ~980 Ma (K–S test P = 0.101, greater than 
0.05), but they differ significantly from the Cryogenian rifting-related sedimentary 
rocks (peaking at ~800 Ma; K–S test P = 0.00 for both tests, smaller than 0.05). 
Furthermore, the Ediacaran sedimentary facies are similar to those of the Cambrian 
sedimentary rocks in the Cathaysia Block (Liu and Xu, 1994). These observations 
indicate that the Cathaysia Block received continuous turbiditic to shallow marine 
siliciclastic sedimentation throughout Ediacaran–Cambrian time, which is in stark 
contrast to the dominantly carbonate platform deposition over the Yangtze Block 
(Figure 3.1B). The Ediacaran–Cambrian clastic sedimentary rocks exhibit a common 
provenance (Figure 3.7A-B) that is different from the underlying Cryogenian 
sedimentary rocks (Figure 3.7C). This suggests that recycling of pre-existing local 
sedimentary rocks contributed little to the provenance of the Ediacaran–Cambrian 
sedimentary rocks. Furthermore, the almost complete water coverage of the region 
for the entire Ediacaran–Cambrian period (Wang, 1985; Liu and Xu, 1994; Figure 
3.1B for mid-Cambrian time) means that no known local pre-existing sedimentary 
rocks were exposed or eroded into the Nanhua Basin at that time.
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3.5.3 Crustal History of the Source Region for the Cambrian Sandstones 
The overall age spectra of all available Cambrian sandstone samples in the western 
Cathaysia Block show a dominant population of 1100 to 900 Ma, peaking at ~980 
Ma, and minor age populations of ca. 2500, 850 to 750 and 650 to 500 Ma (Figure 
3.7A). The data suggest that the source region(s) possibly experienced four broad 
episodes of tectono-magmatic events. Specifically, Archean–Palaeoproterozoic 
zircons account for 9% of all analyzed zircon grains, with a peak at ~2.5 Ga. Most 
zircons of this age group are round in shape and show signs of abrasion, suggesting 
multiple episodes of sedimentary recycling. These zircons have relatively low δ18O 
values of 4.6–7.3 permil (Figure 3.4A) and variable εHf(t) values of –14.8 to +9.2 
(Figure 3.4B), indicating that both mantle-derived melts and remelted old crustal 
components were involved. Grenvillian (1100–900 Ma) zircons make up 50 percent 
of the population with a pronounced peak at ~980 Ma (Figure 3.7A). Variable δ18O 
values (4.6–11.8‰) and εHf(t) values (–30 to +14) (Figure 3.4A-B) suggest 
contributions from both juvenile and reworked crustal materials. Zircons form a 
subordinate population at 850–750 Ma (7% out of all analyses) with δ18O values of 
5.7 to11.6 permil and εHf(t) values of –40 to +11 (Figure 3.4A-B), suggesting 
crystallization from reworked older crust, with minor new mantle input. The age of 
this population coincides with widespread continental rifting events related to the 
break-up of the Rodinia supercontinent (for example, Hoffman, 1991; Z.X. Li and 
others, 2008b). Zircons with ages of 650 to 500 Ma (~15% of all analyses) have δ18O 
values mostly falling outside the range for mantle-like zircons (Figure 3.4A) and 
negative εHf(t) values (Figure 3.4C), suggesting that these zircons were mainly 
derived from remelting and recycling of ancient crustal materials. Within this 
population, there is a dramatic shift in zircon Hf isotopes at ~580 Ma (Figure 3.4C). 
A large number of pre-580 Ma zircons have positive εHf(t) values, whereas post-580 
Ma zircons exclusively record negative εHf(t) values, hinting at a possible change of 
tectonic environment in the source region(s).  
In summary, zircon Hf isotopic data indicate that the source region(s) of the 
Cambrian sandstones probably experienced three Precambrian episodes of juvenile 
crustal growth, at 3.0 Ga, 2.5 Ga and 1.0 Ga, and two possible minor events at 1.35 
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Ga and 850 to 580 Ma (Figure 3.4B), which is consistent with the mantle-like δ18O 
values (Figure 3.4A). Zircon Hf–O isotope results also suggest that the source 
region(s) underwent extensive crustal remelting and reworking without new crustal 
addition at 580 to 500 Ma.  
3.5.4 Provenance of the Cambrian Sedimentary Rocks in the Cathaysia Block 
3.5.4.1 Not sourced from the Cathaysia or the Yangtze blocks 
Some previous work typically viewed the lower Palaeozoic clastic rocks along the 
Cathaysian margin as sourced from the Cathaysia Block itself, and suggested that 
these rocks can reflect the crustal history of Cathaysia (for example, Yao and others, 
2011). However, a closer examination of the available data suggests that the 
provenance interpretation of these clastic rocks may not be that straightforward. If 
we ignore the post-540 Ma grains in the Cambrian samples, the age spectra of detrital 
zircons from the Cambrian and Ediacaran clastic samples in western Cathaysia are 
consistent (Figure 3.7A–B), suggesting common sources for the continuous 
sedimentation on the Cathaysian side of the Nanhua Basin during Ediacaran to 
Cambrian time (Figure 3.1B). The ca. 540 to 490 Ma grains in the Cambrian samples 
are interpreted as input from newly formed magmatic rocks in the source region(s).  
We have already ruled out recycling of local underlying sedimentary rocks as a 
source for the Ediacaran–Cambrian sedimentation in Cathaysia. Known basement 
rocks from Cathaysia are also unlikely to have contributed to the sedimentation for 
two reasons. First, most of the known Cathaysian pre-Neoproterozoic bedrock areas 
were covered by sea water and marine deposits during much of Ediacaran to 
Cambrian time (Figure 3.1B; Wang, 1985; Liu and Xu, 1994), and thus could not 
have served as a source of detritus for the Ediacaran–Cambrian sedimentary rocks. 
Second, the age spectra of the sedimentary rocks are different from that of the 
basement. We show in figure 3.7E–F age spectra of known Cathaysian basement 
rocks, and in figure 3.7D younger provenance data from eastern Cathaysia that 
mimics the basement data. Eastern Cathaysia has a dominant 1.89 to 1.86 Ga age 
peak in its crystalline basement (Figures 3.1A and 3.7E), which is reflected in the age 
spectra of the late Palaeozoic to Mesozoic sandstones found in the region (Figure 
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3.7D). Western Cathaysia, on the other hand, has a prominent ca. 1.43 Ga age peak in 
the basement that crops out in Hainan Island (Figures 3.1A and 3.7F). Clearly neither 
peak from the basement rocks is clearly shown in the provenance data for the 
Ediacaran–Cambrian strata (Figure 3.7A–B). Rare Grenville-age magmatic rocks 
have been reported within Cathaysia (for example, the ~972 Ma Jingnan rhyolites in 
eastern Guangdong by Shu and others, 2008; Figure 3.1A) that fit the prominent 980 
Ma peak of the Ediacaran–Cambrian deposits (Figure 3.7A–B), but, as stated above, 
the extensive sedimentary and sea-water coverage of the entire region rule out such 




western  Laurentia.  (A) Western  Cathaysia  Cambrian  strata  (this  study; Wang  and  others, 
2010b; Wu and others, 2010); (B) Western Cathaysia Ediacaran strata (Yu and others, 2008, 
2010; Wu and others, 2010); (C) Mid‐Neoproterozoic Nanhua Rift Basin (Wang and others, 
2010a; Wang and others, 2012a);  (D) Eastern Cathaysia  late Palaeozoic  to Mesozoic strata 









The neighboring Yangtze Block is another potential source for the clastic 
sedimentary rocks. There are some 1100 to 900 Ma magmatic rocks along the 
margins of the Yangtze Block (Z.X. Li and others, 2002; Ling and others, 2003; 
Greentree and others, 2006; Ye and others, 2007; X.H. Li and others, 2009), which 
are the same age as the prominent peak in the Cambrian samples (Figure 3.7A). 
However, the large-scale carbonate deposition over the Yangtze Block (Figure 3.1B) 
makes it an unlikely source region for the vast amount of clastic sediments on the 
Cathaysia side of the Nanhua Basin. In addition, no ca. 600 to 500 Ma magmatism 
has been reported from the Yangtze Block. 
Consequently, the prominent Grenvillian zircon population would have to be from 
areas outboard of the known Cathaysian basement, either in the concealed part of the 
South China continental crust along the South China Sea margin (Figure 3.1B), or an 
exotic terrane once connected to the Cathaysia Block during Ediacaran–Cambrian 
time, but subsequently drifted away. In the former scenario, the concealed source 
area along the current continental margin would have been an elevated region 
striking NE–SW along the present-day continental margin (Figure 3.1B). The 
dominant 1100 to 900 Ma zircon population and subordinate 850 to 750 Ma and 650 
to 500 Ma populations in the Ediacaran–Cambrian sedimentary rocks demand the 
concealed source area to be part of a Grenville-aged orogenic belt that not only 
experienced 850 to 750 Ma continental rifting similar to the Nanhua Basin (for 
example, Z.X. Li and others, 2003; Wang and Li, 2003), but also underwent 
prominent 580 to 500 Ma crustal melting. However, there is no such outcrop of 
basement rocks in the speculated offshore region. A study of xenoliths from 
Cenozoic basalts in Penghu Island (Figure 3.1B) reported sulphide TRD age peaks of 
1.9 Ga, 1.7 to 1.6 Ga, 1.4 to 1.3 Ga and 0.9 to 0.8 Ga, which were interpreted to 
represent the timing of melt extraction and/or metasomatic events in the 
sub-continental lithospheric mantle beneath the region (Wang and others, 2009). 
Such inferred events correlate well with tectonothermal events in the exposed 
Cathaysia Block, including the 1.9 to 1.8 Ga event in eastern Cathaysia and the 1.4 
Ga event on Hainan Island. It is thus likely that known basement components in 
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mainland Cathaysia extend to the Taiwan region (at least to Penghu Island). On the 
other hand, almost no record of magmatic events at 1100 to 900 Ma or 580 to 500 
Ma, as demanded by the Ediacaran–Cambrian clastic sedimentary provenance data 
(Figure 3.7A–B), has been reported from either the coastal area of the Cathaysia 
Block or its offshore extension (except for some ca. 1.3–1.0 Ga metamorphic ages 
from Hainan Island; Z.X. Li and others, 2002, 2008a). Therefore, although the 
possibility of the concealed offshore extension area being the source region cannot be 
totally ruled out, it appears unlikely. 
3.5.4.2 Possible exotic sources from the East African Orogen and the northern 
Indian margin 
To test the possibility of exotic sources for the detritus, we compared the zircon age 
spectra of the Ediacaran–Cambrian samples from western Cathaysia with those from 
several potential continental blocks that were suggested to be adjacent to the SCB 
during that time interval (for example, Zhang and Piper, 1997; Z.X. Li and Powell, 
2001; Zhou and others, 2002; Jiang and others, 2003; Yang and others, 2004; Z.X. Li 
and others, 2008b; Yu and others, 2008, 2009; Cook and Torsvik, 2013). Most of the 
detrital zircons were derived from siliciclastic successions coeval with the studied 
rocks in the Cathaysia Block. The prominent age peaks at 1.1 Ga, 1.4 Ga and 1.8 Ga 
in Ediacaran–Ordovician sedimentary rocks from western Laurentia (Figure 3.7G) 
(Smith and Gehrels, 1994; Stewart and others, 2001; Vega-Granillo and others, 2008) 
bear no similarity to those of the western Cathaysia samples (Figure 3.7A–B). 
Likewise, the distinct 1.2 Ga age peak from western Australian Ordovician and 
Permian sedimentary rocks (Figure 3.8H) (Cawood and Nemchin, 2000; Veevers and 
others, 2005) has no counterpart in the Cathaysian provenance data (Figure 3.8A). 
These differences indicate that during the Ediacaran–Cambrian time interval, the 
Cathaysia Block was unlikely to have had a direct connection with either western 
Australia or western Laurentia, both of which were previously suggested to be 
connected to the southeast margin of the Cathaysia Block sometime during the 
Proterozoic (for example, Yang and others (2004) for a Cathaysia–western Australia 
connection, and Z.X. Li and others (2008a) for a Cathaysia–western Laurentia 
connection) and/or the lower Palaeozoic (for example, Zhang and Piper (1997) and 
Yang and others (2004) for a Cathaysia–western Australia connection).  
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To examine a possible SCB–northern India connection, as previously speculated 
based on (1) their comparative Ediacaran–Cambrian tectonostratigraphic records 
(Kumar, 1984; Jiang and others, 2003), (2) their Cambrian faunal affinities (for 
example, Jell and Hughes, 1997; Peng and others, 2009), (3) palaeomagnetism (Z.X. 
Li and others, 2004; Zhang, 2004), and (4) similarities in their Ediacaran detrital 
zircon provenance data and tectonomagmatic records (Yu and others, 2008), we first 
look at the tectonic framework and provenance data for northern India. 
The Palaeozoic northern Indian margin (that is, the Himalaya region; Figure 3.8) 
includes three modern tectonic units from north to south: the Tethyan Himalaya (TH), 
the Greater Himalaya (GH) and the Lesser Himalaya (LH) (for example, Le Fort, 
1975). Although there are models arguing for an exotic origin for some of the 
tectonic units (for example, Liu and others, 2012), here we follow the view that these 
tectonic units are all part of the northern margin of the Indian craton that were 
dismembered and reworked during the India–Asia collision. This is because they: (1) 
exhibit coherent continental shelf–slope litho-facies, tectonostratigraphy and 
palaeoenvironment in the late Precambrian–Palaeozoic (for example, Brookfield, 
1993; Pogue and others, 1999; Myrow and others, 2003); (2) share a similar 
bioprovince (Peng and others, 2009); and (3) have similar detrital zircon age 
distribution patterns (for example, Myrow and others, 2003, 2010).  
Precambrian crystalline basement rocks are poorly exposed along the northern 
margin of India, with the oldest being 1.8 to 1.6 Ga igneous rocks reported in the 
eastern Himalaya (Cottle and others, 2009; Yin and others, 2010a) and around the 
Shillong Plateau (Ameen and others, 2007; Yin and others, 2010b), 1.9 to 1.8 Ga 
magmatic rocks in the central Himalaya (Nepal) (Kohn and others, 2010), and 2.0 to 
1.84 Ga granites and 1.8 Ga mafic igneous rocks in the western Himalaya (Miller 
and others, 2000; Singh and others, 2006). In addition, ca. 1.1 to 1.0 Ga, 880 to 820 
Ma, and 550 to 470 Ma tectono-magmatic events have been reported from the region 
(for example, Schärer and others, 1986; Brookfield, 1993; Miller and others, 2001; 
Singh and others, 2002; Cawood and others, 2007; Liu and others, 2007; Cottle and 
others, 2009; Yin and others, 2010a, 2010b). 
Figure 3.8 shows that the age spectra of the Cathaysia detrital zircons match well 
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with similar-aged clastic sedimentary rocks from the northern margin of India. In 
particular, the Cathaysia age spectra with a distinct age peak of 980 Ma (Figure 3.8A) 
match well with the similar-aged sedimentary rocks from the western part of the 
northern Indian margin (Myrow and others, 2003, 2009, 2010; Webb and others, 
2011) (Figure 3.8C–D). Similar age spectra persisted in the central and eastern 
segment of the northern Indian margin, although ca. 1.2 to 1.1 Ga age populations in 
general become more prominent in this region (Figure 3.8E–F) (Gehrels and others, 
2003, 2006a, 2006b; Martin and others, 2005; McQuarrie and others, 2008; Myrow 
and others, 2010; Hughes and others, 2011). These correlations indicate that the 
Cathaysia Block possibly shared a similar provenance with the northern Indian 
margin during the Ediacaran–Cambrian time. The comparable zircon Hf isotopic 
characteristics between the Cathaysian Cambrian sedimentary rocks (this study) and 
the Tethyan Himalayan Permian sedimentary rocks (Zhu and others, 2011) that share 
a similar age spectrum to the Ediacaran–Cambrian samples, including the common 
lack of any zircon with a positive εHf(t) value after 580 Ma, also support such a 
speculation (Figure 3.4B–C).  
Figure 3.8 further illustrates that the similarities between the age spectra of the 
Cathaysian sedimentary rocks and those from the Indo-Australian Gondwana margin 
gradually decrease toward Australia, with a prominent Grenvillian age peak shifting 
from ca. 980 Ma for Cathaysia (Figure 3.8A), Qiangtang (Figure 3.8B) and western 
Himalaya (Figure 3.8C–D), to ca. 1100 Ma for much of central–eastern Himalaya 
(Figure 3.8E–F, with F still showing a prominent ca. 980 Ma peak), and finally to 
nearly 1200 Ma for the Lhasa terrane and western Australia (Figure 3.8G–H). It thus 
indicates that western Cathaysia (SCB) likely shared the same detritus provenance as 
the northwestern Indian Himalaya, and the provenance connection appears to 
gradually weaken toward western Australia.  
3.5.5 The South China Block (SCB): from Central Rodinia in the Early 
Neoproterozoic to Northeastern Gondwanan Margin in the Cambrian? 
As discussed in the introduction section, the palaeo-position of the SCB in the 
Neoproterozoic supercontinent Rodinia and its subsequent connection with 
Gondwanaland in the early Palaeozoic has been a subject of ongoing debate. 
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Although current palaeomagnetic results permit the SCB to be on either side of the 
Australian continent in Rodinia (for example, Z.X. Li and others, 2004; Yang and 
others, 2004; Z.X. Li and Evans, 2011), some previous studies prefer the SCB to be 
adjacent to either western Australia or northern India in Rodinia (Zhang and Piper, 
1997; Jiang and others, 2003; Yang and others, 2004; Yu and others, 2008). Z.X. Li 
and others (2008b), on the other hand, preferred the so-called “missing-link” model, 
where the SCB is placed between Australia and western Laurentia in Rodinia 
because such a configuration: (1) explains the close similarities in both basement 
geology and possible late Mesoproterozoic provenance connections between 
southern Cathaysia and southern Laurentia (Z.X. Li and others, 2008a); (2) allows 
the SCB to be above a Neoproterozoic plume-center as indicated by dyke swarms in 
both Australia and western Laurentia and corresponding plume-centers in the SCB 
(Z.X. Li and others, 2003); (3) explains the Grenvillian metamorphic/magmatic 
events in both eastern Australia and western Laurentia (Z.X. Li and others, 2008b 
and references therein; Nesheim and others, 2012); and (4) provides a solution for 
geological mismatch between Laurentia and Australia–East Antarctica during 
Rodinian time and fills the gap between them as required by the palaeomagnetic 
results (Z.X. Li and others, 2008b; Z.X. Li and Evans, 2011). Following this scenario, 
the SCB was considered to have drifted adjacent to the northwestern margin of 
Gondwanaland by the Cambrian (Z.X. Li and others, 1996; Z.X. Li and Powell, 2001; 
Metcalfe, 1996). In addition, as we will discuss in the following paragraphs, the 
“missing-link” model and the following scenario (Figure 3.9) is not only consistent 
with our provenance analyses, but it also permits the northern margin of India to 
develop an active margin during Ediacaran to Cambrian time (for example, DeCelles 
and others, 2000; Cawood and others, 2007), and provides a driving mechanism for 
the early Palaeozoic Wuyi–Yunkai orogeny in the SCB (for example, Charvet and 
others, 2010; Z.X. Li and others, 2010). 
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Figure  3.8.  Provenance  variations  of  Ediacaran–Cambrian  sedimentary  rocks  along  the 
northern margin of India, and comparisons with provenance results from possible adjacent 
continents/terranes in Gondwanaland, Age spectra in (A)–(H) correspond to data points A–H 
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in the  location cartoon (I), where data points C1–C3 and D represent western North  Indian 




others  (2010); C2 — Myrow and others  (2010) and Webb and others  (2011); C3 — Myrow 
and  others  (2010);  D — Myrow  and  others  (2010);  E — Martin  and  others  (2005)  and 
Gehrels and others (2011); F1 — Myrow and others (2010) and Gehrels and others (2011); F2 
— McQuarrie and others (2008), Myrow and others (2010) and Hughes and others (2011); G 
—  Leier  and  others  (2007), Gehrels  and  others  (2011)  and  Zhu  and  others  (2011); H — 
Cawood  and  Nemchin  (2000)  and  Veevers  and  others  (2005).  Inset  in  (I)  shows 
palaeocurrent  directions,  with  data  sources  being  as  follows:  (1)  Tethyan  Himalaya, 




The  positions  of  South  Qiangtang  and  Lhasa  terranes  relative  to  Indo‐Australia  in 
Gondwanaland, as shown in (I), follow that of Zhu and others (2011). 
Wang and others (2010a, 2012a) documented the provenance of middle 
Neoproterozoic successions in the central Nanhua Basin (the region between 
Shaoguan and Guilin in Figure 3.1B), and revealed a dominant early Neoproterozoic 
zircon age population with a peak at ca. 800 Ma, and a small number of older grains 
between 2.5 and 1.5 Ga (Figure 3.7C). A similar detrital provenance is identified in 
metasedimentary rift successions (protolith ages of 840–720 Ma) in eastern 
Cathaysia (Figure 3.7E, Wan and others, 2007; Z.X. Li and others, 2010). Such age 
patterns can be explained by local sources inside the SCB without invoking exotic 
sources, as one would expect of rift basin deposits sourced predominantly from 
elevated rift shoulders and syn-rifting volcanic rocks (Z.X. Li and others, 2003; 
Wang and Li, 2003).  
The provenance of the clastic sediments on the Cathaysia side of the Nanhua Basin 
changed dramatically during the Ediacaran, as shown by the lack of a 2.1 to 1.8 Ga 
zircon population and the dominance of a 1.1 to 0.9 Ga zircon population (Figure 
3.7B). A similar provenance continued to at least the Cambrian, but with the addition 
of 540 to 500 Ma magmatic zircons (Figure 3.7A). This potential exotic provenance 
matches well with that of northwestern Indian Himalaya (see discussion in the 
previous sections; Figure 3.8A, C–D). We thus suggest that the SCB drifted north of 
Australia (current configuration) to approach northern India during the Ediacaran 
(Figure 3.9B–C), which is consistent with available 650 to 580 Ma palaeomagnetic 
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constraints (Z.X. Li and others, 2013). The older end of the 588 ± 33 to 423 ± 7 Ma 
monazite 208Pb*/232Th metamorphic age spectrum reported from schists in the 
northwestern Indian section of the western Himalaya (Webb and others, 2011) may 
thus reflect the onset of the SCB–India collision. In such a palaeogeographic 
configuration (Figure 3.9C), western Cathaysia and the northwestern margin of the 
Indian continent started to receive dominantly siliciclastic deposits from that time, 
probably from a common source such as the giant East African orogen (for example, 
Myrow and others, 2010; McQuarrie and others, 2013).  
The SCB possibly rotated clockwise relative to Gondwanaland during 
Cambro-Ordovician time (Figure 3.9D), leading to the closure of the V-shaped ocean 
during the Ordovician (ca. 470 Ma). Apart from their strong sedimentary provenance 
and bioprovenance connections as discussed above, and palaeomagnetic evidence for 
the SCB to join Gondwanaland adjacent to northern India during the Cambrian 
(Zhang and others, 2013), such a collisional event is also consistent with a number of 
other observations across India and the SCB. First, the model can accommodate the 
development of an Andean-type active plate margin during the Cambrian, resulting in 
the formation of a trans-Himalaya granitic belt between ca. 550 Ma and ca. 470 Ma 
(for example, DeCelles and others, 2000; Miller and others, 2001; Gehrels and others, 
2003; Cawood and others, 2007; Yin and others, 2010b; Webb and others, 2011; 
Wang and others, 2012b). The granites of this belt are commonly reported to be the 
result of continental crustal melts, with the Cambrian ones possibly forming in a 
back-arc environment associated with slab roll-back, whereas the younger, 
Cambro-Ordovician ones are associated with terrane accretion/collision after the 
ocean closure (for example, Cawood and others, 2007; Yin and others, 2010b; Wang 
and others, 2012b). Here we interpret that “accreted” terrane to be the SCB which 
completely accreted/collided with northern India by ca. 470 Ma. Second, the ca. 
580(?)–420 Ma metamorphic ages reported from the northwestern Indian Himalaya 
(Webb and others, 2011), and the 500 to 450 Ma metamorphism and deformation 
prior to 490 to 470 Ma granitic intrusions in the central Himalaya (Gehrels and 
others, 2003), are consistent with a diachronous collision with the SCB. Third, a 
Cambro-Ordovician hiatus has been recognised across the Himalaya range between 
the more deformed and metamorphosed Ediacaran to mid-Cambrian sedimentary 
strata (with some Cambro-Ordovician(?) granites intruding the strata being exposed 
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and eroded), and a widespread overlying Cambrian(?)–Ordovician conglomerate unit 
(for example, Gehrels and others, 2003; McQuarrie and others, 2013 and references 
therein), noting that the overlying conglomerate unit could be as young as mid- to 
late-Ordovician (Torsvik and others, 2009). This tectonism has been interpreted as 
indicating a trans-Himalaya Cambro-Ordovician mountain-building event (the 
Kurgiakh orogeny, Srikantia, 1977, as quoted in Bhargava and others, 2011; also 
known as the Bhimphedian orogeny, with the orogen called the North India orogen, 
Cawood and others, 2007) featuring south-verging thrusting. We speculate here that 
the orogenic event possibly started at the northwestern margin of the Indian craton 
when it collided with the SCB (Figure 3.9D), with a fold-and-thrust belt propagating 
to the south during the Ordovician (Gehrels and others, 2003; McQuarrie and others, 
2013). Fourth, the model can account for the presence of both north-directed and 
south-directed palaeo-flow directions observed in the Ediacaran to Ordovician clastic 
strata in the Himalaya range (Valdiya, 1970; Garzanti and others, 1986; Bagati and 
others, 1991; Draganits, 2000; Myrow and others, 2006a, 2006b; McQuarrie and 
others, 2013) (see Figure 3.8I inset for western Himalaya dataset), driven by 
palaeo-topography away from northern India, and the emerging North India orogen 
(Figure 3.9C–D). Fifth, continuing convergence between the SCB and India (as part 
of Gondwanaland) after the ocean closure by ca. 470 Ma can explain the driving 
force for the intraplate orogenic event in South China — the >460 to 415 Ma 
Wuyi–Yunkai orogeny (Z.X. Li and others, 2010) in a similar way as the Cenozoic 
India–Eurasia collision causing the intraplate orogeny along the Tianshan (Yin and 
others, 1998).  
Models that have South China connected to western Australia–northern India since 
Rodinia time (Zhang and Piper, 1997; Jiang and others, 2003; Yang and others, 2004; 
Yu and others, 2008; Cawood and others, 2013), on the other hand, would have 
difficulties in accounting for a number of geotectonic observations and events: the 
development of a “Pan-African” continental margin in northern India and possibly 
northwestern Australia (for example, Decelles and others, 2000; Cawood and others, 
2007; Yin and others, 2010b; Zhu and others, 2011, 2012; Wang and others, 2012b); 
the notably closer provenance connection between Cathaysia and northwestern India 
rather than with northeastern India or Lhasa–western Australia (Figure 3.8); 
palaeomagnetic evidence that South China was in different positions with respect to 
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India and Australia before it joined Gondwanaland in the Cambro-Ordovician (Zhang 
and others, 2013); the development of the intraplate Wuyi–Yunkai orogeny in 
southeastern South China during the early Palaeozoic; and the lack of any early 
Palaeozoic active margin along the northwestern and northern SCB continental 
margin as would be expected had the SCB been a coherent part of northern India or 
western Australia before that time. 
In our preferred model, the Cathaysia side of the Nanhua Basin (Figure 3.1B) 
probably largely received sediments from a similar source to the northern margin of 
India during the early stage of the SCB–India suturing/collision (Figure 3.9C), when 
the entire northern margin of the Indian craton was under water and receiving similar 
sediments (for example, Myrow and others, 2010). However, as the proposed 
diachronous collision progressed, part of the Indian margin would have been uplifted 
and eroded, and could have therefore provided both recycled Ediacaran–Cambrian 
sediments and detritus from exposed Cambro-Ordovician granites, that typically 
intruded the Ediacaran–Cambrian strata, to foreland basins on both sides of the new 
orogen (Figure 3.9D). In both cases, the source regions (that is, the East African 
orogen, and/or the new North India orogen) appear to satisfy the characteristics of 
the Ediacaran–Cambrian Cathaysian sediments as being derived from dissected arc(s) 
and including post-580 Ma magmatism sourced from an old continental crust [see 
low εHf(t) values of zircons in figure 3.4C and sandstone model compositions in 
Figure 3.5].  
In addition, our model of having the SCB joining Gondwanaland during a 
Cambro-Ordovician collisional event is consistent with the palaeomagnetic argument 
that the SCB started to share a common apparent polar wander path with 
Gondwanaland from Cambro-Ordovician time until the Early Devonian (Zhang, 
2004; Zhang and others, 2013). It can also account for the lack of clastic deposition 
on the Yangtze side of the SCB during much of the Cambrian (Figure 3.1B), as it was 
separated by the Nanhua foreland basin from the Ediacaran–Ordovician orogens. The 
propagation of the Wuyi–Yunkai orogeny from the Cathaysia Block toward the 
Yangtze Block eventually pushed the remnant Nanhua foreland basin to the Yangtze 
side by the Silurian (Liu and Xu, 1994; Z.X. Li, 1998). The foreland basin ceased to 
develop by the Early Devonian, when the entire SCB started to develop a platformal 
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marine transgression leading to the formation of an upper Palaeozoic platform cover 




prior  to  its  collision  with  India  during  the  assembly  of  Gondwanaland  (635  Ma),  (C) 
beginning of collision with NW India at ca. 580 Ma during the assembly of Gondwanaland, 
and (D) colliding with India to become part of Gondwanaland (515 Ma). Active orogens, and 









Integrated U–Pb and Hf–O isotopic analyses of zircons from Cambrian sandstones / 
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metasandstones from the western Cathaysia Block of South China reveal an exotic 
source region(s) that experienced three Precambrian episodes of juvenile crustal 
growth at 3.0, 2.5 and 1.0 Ga, and which underwent extensive crustal remelting and 
reworking at 580 to 500 Ma. This provenance shows remarkable similarities to that 
of the NW Indian Himalaya during Ediacaran–Cambrian time. The two regions also 
share similarities in terms of Ediacaran–Cambrian tectonostratigraphy and Cambrian 
bioprovinces. We consider that the SCB (including Cathaysia) drifted away from 
central Rodinia during supercontinent break-up after ca. 750 Ma. Its collision with 
the NW Indian Himalaya between the late Ediacaran (ca. 580 Ma) and the 
Ordovician as part of Gondwana assembly led to the formation of a “Pan-African” 
orogenic belt along the Himalaya at the northern Indian margin. The Cathaysia side 
of the Nanhua Basin possibly received sediments similar to northern India, 
dominantly shed from the East African orogen, during the late Ediacaran. As the 
collision progressed, the Nanhua Basin was transformed into a fully-developed 
foreland basin, probably receiving both recycled sediments and eroded detritus from 
550 to 470 Ma granites in the Cambro-Orodvician trans-Himalaya North India 
orogen. Far-field tectonic stress of the SCB–India collision eventually caused the 
Ordovician–Silurian intraplate Wuyi–Yunkai orogeny (>460–415 Ma) in 
southeastern South China that resulted in closure of the Nanhua Basin.  
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Abstract 
We present here the stratigraphic history of the lower Palaeozoic Nanhua Basin 
in the South China Block (SCB) and explore the relationship between clastic 
sedimentation of the basin and advance of the adjacent orogens. The 
sedimentary facies comprise marine turbiditic, shallow marine and 
fluvial-dominated deltaic facies in an ascending order in the basin, and feature a 
lateral migration from southeast to northwest. We interpret that the Nanhua 
Basin was a peripheral foreland basin which started to receive foreland deposits 
as early as the Ediacaran. The evolution of the foreland basin can be divided 
into two stages: (1) The Cambrian (and possibly Ediacaran) to 
earliest-Ordovician underfilled to filled stage with marine clastic deposits, fed 
by an exotic orogen outboard the SCB; and (2) the early-Ordovician to Silurian 
overfilled stage with dominant deltaic clastic deposits, fed by the northwestward 
advancing Wuyi–Yunkai orogen. The first stage was likely related to collision 
between the SCB and northern India during the assembly of Gondwanaland, 
whereas the second stage was related to the intraplate Wuyi–Yunkai orogeny 
caused by far-field stress of the aforementioned collision. 
Key Words: South China, the Nanhua foreland basin, the Wuyi–Yunkai Orogen, 
stratigraphy, sedimentary facies 
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4.1 Introduction 
The South China Block (SCB), including the Yangtze Block in the northwest and the 
Cathaysia Block in the southeast (Figure 4.1A inset), is one of the major continental 
blocks in East Asia and experienced important tectonic events that shaped the current 
Asian configuration. The early Palaeozoic Wuyi–Yunkai orogeny was a 
regional-scale event responsible for deformation and metamorphism over much of 
the Cathaysia Block [e.g., Ren, 1964, 1991; Huang et al., 1980; Yang et al., 1986; 
Charvet et al., 1996, 2010; Wang Y.J. et al., 2007; Faure et al., 2009; Li Z.X. et al., 
2010], and the inversion of the lower Palaeozoic Nanhua Basin (Figure 4.1A). 
However, the nature and stratigraphic evolution of the Nanhua Basin have not been 
systematically documented yet. This basin history is relevant to a more widely 
debated issue of when and how the Cathaysia and Yangtze blocks joined together to 
form the SCB.  
There are two main opposing opinions regarding the formation of the SCB. One 
considers that the amalgamation of the Cathaysia and Yangtze blocks occurred in the 
Phanerozoic [e.g., Hsü et al., 1988, 1990; Shui, 1988; Liu and Xu, 1994], and the 
“Huanan Ocean” existed between the two blocks from the late Neoproterozoic to 
early Palaeozoic [Shui, 1988; Liu and Xu, 1994] or even to the middle Mesozoic 
[Hsü et al., 1988, 1990]. Shui [1988] suggested that the Yangtze and Cathaysia 
blocks first amalgamated at their eastern ends during the early- to 
middle-Neoproterozoic, with a remnant ocean to the west until the Cambrian. Further 
amalgamation eventually closed the ocean during the late-Ordovician to Silurian, 
resulting in intense regional deformation and metamorphism, an event generally 
referred to as the “Caledonian Orogeny” [e.g., Huang et al., 1980; Yang et al., 1986; 
Ren, 1991]. The boundary between the Yangtze and Cathaysia blocks was therefore 
considered by those researchers as a lower Palaeozoic suture [Liu and Xu, 1994, 
Chen et al., 2006], although there appears to be little geological or geophysical 
evidence for such an ocean closure [Li Z.X., 1998]. The model of Hsü et al.'s [1988, 
1990, 1994], on the other hand, requires the ocean to have been closed by an 
Alpine-style collision during the Jurassic. Again, there is a lack of evidence for such 
a young suture, and the so-called “Mesozoic Banxi mélange” was later shown to 
consist of Neoproterozoic rocks with different tectonic affinities [e.g., Zhou, 1989; Li 
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X.H. et al., 1994; Li Z.X. et al., 2003]. The alternative opinion considers that the 
Yangtze–Cathaysia amalgamation occurred in the Precambrian, at either 1100–900 
Ma [Li Z.X. et al., 2002, 2008; Li X.H. et al., 2009] or 820–750 Ma [Zhou M.F. et al., 
2002a, 2002b; Wang X.L. et al., 2004]. However, Neoproterozoic intracontinental 
rifting in the SCB has long been recognized [e.g., Wang, 1985; Dong and Liu, 1991; 
Li J.L., 1991], and the Neoproterozoic Nanhua Basin was further shown to be a 
failed rift basin during ca. 850–700 Ma [Li Z.X., 1998; Wang and Li, 2003; Li W.X. et 
al., 2010]. 
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Figure 4.1.  (A) A  simplified  regional map of  the South China Block  (SCB), highlighting  the 
regional extent of  the  lower Palaeozoic Wuyi–Yunkai orogen  including  the distribution of 
metamorphic rocks and granites,  interpreted early Palaeozoic structural  trends and extent 
of the remnant Nanhua Basin. The inset shows the Cathaysia and Yangtze blocks as parts of 
the  SCB.  (B) Distribution of Palaeozoic  sedimentary outcrops  in  the  SCB, highlighting  the 
Cambrian, Ordovician and Silurian rocks. Localities of the four logged stratigraphic sections 
are marked by yellow stars. 
The failed Neoproterozoic Nanhua rift basin was succeeded by a lower Palaeozoic 
basin of apparently the same age as the Wuyi–Yunkai orogeny (i.e., mid-Ordovician 
to Silurian) [Li Z.X. et al., 2010], although orogenesis-related clastic deposition could 
have started as early as the Ediacaran [Yao et al., 2014]. As no systematic basin 
research has been conducted on the lower Palaeozoic strata, the precise nature and 
evolution of this long-lived basin is still under debate. It has been variously 
interpreted to be a back-arc/marginal basin [Pan, 1984; Guo et al., 1989], a retro-arc 
foreland basin [Jiang et al., 2014], or an intraplate foreland basin [Li Z.X., 1998; 
Wang Y.J. et al., 2010; Li Z.X. et al., 2010; Yao et al., 2014], but neither an arc terrane 
nor arc-related magmatism has been identified from the early Palaeozoic SCB. 
In this paper we explore the stratigraphic history of the lower Palaeozoic Nanhua 
Basin, and discuss its time and space relationship with the Wuyi–Yunkai orogen. By 
documenting the stratigraphic record from four sections across the basin, we attempt 
to address the following scientific questions: (1) what type of sedimentary basin it 
was, (2) when it began to receive sediments from the Wuyi–Yunkai orogen, and (3) 
whether there was a relationship between basin infilling and orogenic uplift. 
4.2 Geological Setting 
The boundary between the Yangtze and Cathaysia blocks, which constitute the SCB 
[e.g., Li Z.X. et al., 2002, 2008; Li X.H. et al., 2009; Zhou M.F. et al., 2002a, 2002b; 
Wang X.L. et al., 2004], approximately follows the Jiangshan–Shaoxing Fault in the 
east, but its western extension is unclear due to younger tectonic modifications 
(Figure 4.1A-B). The first Phanerozoic tectonic event in the region was the early 
Palaeozoic Wuyi–Yunkai orogeny, recorded as an angular unconformity between 
upper Palaeozoic terrestrial deposits (Devonian and younger) and lower Palaeozoic 
meta-sedimentary/sedimentary rocks (Silurian and older) in the southeast part of the 
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SCB [Huang et al., 1980; BGMRJX, 1984; BGMRGX, 1985; BGMRGD, 1988; 
BGMRHN, 1988; Ren, 1991; Li Z.X. et al., 2010; Wang Y.J. et al., 2007, 2011]. This 
angular unconformity, together with the widespread Silurian granitic intrusions, 
defines the regional extent of the Wuyi–Yunkai orogen (Figure 4.1A) [e.g., Li Z.X. et 
al., 2010; Yao et al. 2012]. This tectonic event was traditionally referred as the 
Caledonian orogeny in the Chinese literature [e.g., Huang et al., 1980; Yang et al., 
1986; Ren, 1991], but was re-named the Wuyi–Yunkai orogeny after the outcropped 
metamorphic orogenic core along the Wuyi and Yunkai mountains (Figure 4.1A), and 
is now known to have lasted from >460 Ma to 420–415 Ma [Li Z.X. et al., 2010].  
The lower Palaeozoic Nanhua Basin once covered a large area of the Cathaysia 
Block and part of the southeastern Yangtze Block (Figure 4.1A). With the advancing 
of the Wuyi–Yunkai orogen towards the Yangtze Block, a part of the basin on the 
Cathaysia side was assimilated into the fold-and-thrust belt of the orogen, leaving 
only a remnant basin in the northwest (Figure 4.1A) [Li Z.X., 1998; Li Z.X. et al, 
2010; Chen et al., 2012]. Both the orogenic core and the fold-and-thrust belt have 
wide distribution of syn- to post-kinematic granites (Figure 4.1A) [Li Z.X. et al., 
2010; Yao et al., 2012]. Cambrian strata are widespread in South China, including the 
orogenic core and the fold-and-thrust belt of the Wuyi–Yunkai orogen, whereas 
outcropping of Ordovician–Silurian sedimentary rocks is much more restricted 
(Figure 4.1B).  
4.3 Methodology 
Figure 4.2A shows locations of the four sections in the Nanhua Basin, which were 
documented for variations in stratigraphy, lithology and sedimentary structures 
[BGMRGX, 1985; BGMRGD, 1988; BGMRHN, 1988]. The four sections are: (1) the 
Yulin section in the southern part of the early basin, preserving lower- to 
mid-Cambrian rocks [RGMRGX-b, 1968] and a upper-Cambrian to Silurian 
succession (Figures 4.2B-D); (2) the Shaoguan section in the southeastern part of the 
early basin, preserving a Cambro-Ordovician sedimentary succession (Figure 4.2E); 
(3) the Dongkou section in the central part of the basin, preserving a 
Cambro-Silurian succession (Figure 4.2F), and (4) the Zhangjiajie section in the 
northwestern part of the basin, preserving a Cambro-Silurian succession (Figure 
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4.2G). The detailed Cambro-Silurian stratigraphy of the four sections is present in 
Figure 4.3, along with their geological contacts with underlying Ediacaran and 
overlying Devonian strata, respectively. 
 




Yulin  Section;  (E)  Geological  map  of  the  Shaoguan  Section;  (F)  Geological  map  of  the 
Dongkou  Section;  (G) Geological map  of  the  Zhangjiajie  Section  (revised  after  RGMRGD, 
1962; RGMRGX‐a, 1966; RGMRGX‐b, 1968; RGMRHN‐a, 1965; RGMRHN‐b, 1968).   




Strata were measured in the field using a 20-m-long tape measure and a compass. 
Grain size and colour of the clastic strata were documented following the 
Udden-Wentworth grain-size scale [Udden, 1914; Wentworth, 1922]. Sedimentary 
structures and fossils from the strata were recorded where present. Stratification is 
not always well exposed due to weathering and vegetation cover, which can 
obliterate some of the stratifications and conceal the originial sedimentology and 
stratigraphy (Figures 4.4–4.7). A ~9000 m upper-Cambrian to Silurian siliciclastic 
sedimentary succession were measured in the Yulin section (Figures 4.2B-D and 4.4), 
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and the lower- to mid-Cambrian metamorphosed strata were correlated from a 
published nearby section [RGMRGX-b, 1968]. Ca. 2500 m of siliciclastic 
sedimentary rocks were measured for the mid- to upper-Cambrian strata in the 
Shaoguan section (Figures 4.2E and 4.5). Because of the missing lower-Cambrian 
strata and dense vegetation cover on Ordovician strata in the measured section, a 
published lower-Cambrian section located ~50 km to the east [Zhang and He, 1993], 
and previously published Ordovician strata in the measured section [RGMRGD, 
1962], were used to establish the Shaoguan Section. The Dongkou section comprises 
ca. 4000 m of siliciclastic Cambro-Silurian strata, which were measured along a 
country road (Figures 4.2F and 4.6). A total of 2400 m of siliciclastic Silurian strata 
were measured at the Zhangjiajie section (Figures 4.2G and 4.7), and 
Cambro-Ordovician carbonate strata for that section were adopted from published 
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Preliminary interpretations of sedimentary facies were given for each individual 
section based on lithological packges, sedimentary structures and fossils. A time and 
space diagram showing Cambrian–Silurian rocks across the Nanhua Basin was then 
established according to the rock ages and facies similarities among these four 
sections. Utilizing the sedimentary facies and regional tectono-magmatic records, we 
reconstruct a spatial–temporal tectonosedimentary evolution model for the lower 
Palaeozoic Nanhua Basin. 
4.4 Stratigraphy and Sedimentology 
4.4.1 The Yulin section 
The Yulin section comprises metamorphosed lower- to mid-Cambrian strata and 
non-metamorphosed upper-Cambrian to Silurian strata which are cut by a series of 
NE-trending faults and intruded by granites (Figure 4.2B–D) [BGMRGX, 1985; 
RGMRGX-a, 1966; RGMRGX-b, 1968]. The Cambro-Silurian strata are grouped into 
four lithological packages. 
Package 1: lower- to mid-Cambrian. This package was metamorphosed during the 
Wuyi–Yunkai orogeny, represented by mica schist, mica quartzite, gneiss and 
migmatite that overlay on Ediacaran schists (Figures 4.3 and 4.4). The protolith of 
the metamorphic rocks is of siliciclastic nature, but the original sedimentary 
structures and grain characteristics were destroyed by metamorphism [RGMRGX-b, 
1968; BGMRGX, 1985]. Whereas it was not possible to work out likely sedimentary 
settings for the protolith, a marine shelf environment is inferred based on lateral 
correlation with the Shaoguan section (see section 4.4.2).  
Package 2: upper-Cambrian to lowest-Ordovician. This package is generally 
upwards-coarsening, comprising inter-bedded, horizontally laminated mudstone and 
sandstone (Figure 4.4). Thin beds of medium-grained sandstone are found in the 
upper part of this package, with occasional coarse-grained quartz sandstone (Figure 
4.4 photo A). A 1.5 m pebbly conglomeratic unit is present in the top part of the 
package. Cambrian-aged fossils of brachiopod, sponge spicule and trilobite and 
Ordovician-aged graptolite were reported in the upper-Cambrian and 
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lowest-Ordovician strata, respectively [RGMRGX-a, 1966]. The upwards-coarsening 
package indicates an increasing supply of clastics from the source region, which 
could also imply the approaching of source at that time. The topmost conglomerate 
units in the lowest-Ordovician strata may indicate the uplift of the Wuyi–Yunkai 
orogen in the earliest-Ordovician. Marine fossils and light-coloured, oxidized 
mudstone and sandstone suggest a possible shallow water setting. Overall, the 
upper-Cambrian to lowest-Ordovician package is preliminarily interpreted as shallow 
marine nearshore deposits. 
Package 3: lower- to upper-Ordovician. This package exhibits another 
upwards-coarsening cycle (Figure 4.4). It comprises rhythmical interlayers of thick, 
rippled sandstone and thin mudstone in the lower part (Figure 4.4 photo B), 
sandstone with planar and trough cross-beds in the middle, and dominantly 
horizontal beds of thick sandstone with a few mudstone layers in the upper part 
(Figure 4.4). Ordovician graptolites (e.g., Didymograpeus cf.) were reported from the 
lower part of the package [RGMRGX-a, 1966]. This package recorded an upwards 
transition from marine to subaerial sedimentation, possibly representing a delta 
prograding into a shallow marine setting. Rippled sandstones likely represented a 
coastal marine setting, whereas rhythmic beds of sandstone and mudstone were more 
likely deposited in the prodelta area. The mid-package, comprising massive 
sandstone cross beds, probably represents a delta-front fed by distributary channels. 
The upper-package, featuring horizontally-laminated fine-grained sandstone beds, 
was probably flooding deposits in the delta plain. 
Package 4: lower part of lower-Silurian. This package mainly comprises medium- to 
coarse-grained sandstones and paraconglomerates, with a very thin layer of mudstone 
in between (Figure 4.4). Paraconglomerates are matrix-supported, poorly sorted, and 
well-rounded (Figure 4.4 photo C). The pebbles are of micaceous and 
quartzofeldspathic composition, and commonly imbricated, with the clast orientation 
indicating a palaeo-flow toward the northwest. The poor-sorted, well-rounded 
pebbles in the paraconglomerates possibly indicate a rapid mass flow into the delta. 
Packages 3 and 4 were both deposited in a fluvial-dominated delta setting, with a 
general trend of upwards-shallowing in water depth and gradually filling in clastics. 




m  = mudstone/shale,  ss  =  siltstone,  fs  =  fine‐grained  sandstone, ms  = medium‐grained 
sandstone,  cs  =  coarse‐grained  sandstone,  g  =  gravel/conglomerate.  Field  photos:  (A) 
medium‐grained sandstone beds in lower Ordovician strata, with a hammer (30 cm long) for 
scale; (B) rhythmical intercalations of thick‐bedded fine sandstone and thin‐bedded shale in 
the  lower Ordovician strata; (C) muddy conglomerates with oriented pebbles  in the  lowest 
Silurian strata with a pen (15 cm long) for scale; (D) folded, thin‐layered shales in the mid‐ to 
upper‐Silurian strata, with a hammer (30 cm long) for scale. 
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Package 5: upper part of lower-Silurian. This is an upwards-coarsening package, 
dominated by thick mudstone beds (900 m mudstone out of a total of 1000 m 
package). Dark-grey mudstones are found in the package with sporadic horizontal 
sand beds, which coarsen upwards from fine- to coarse-grained (Figure 4.4). 
Graptolite fossils in the mudstone give a Silurian age [RGMRGX-a, 1966; BGMRGX, 
1985].  
Package 6: mid- to upper-Silurian. This package disconformably overlies the 
lower-Silurian strata (Figure 4.4). It is an upwards-fining package, comprising 
dominant mudstone with minor sandstone. Thin layers of mudstone and siltstone are 
tightly folded in some outcrops (Figure 4.4 photo D). In the Yulin region, Silurian 
strata are overlain by lower-Devonian quartz-rich sandstones with an angular 
unconformity (Figure 4.3). Packages 5 and 6 are considered as marine deposits based 
on the presence of dominant dark-grey graptolitic mudstones and sporadic fine 
sandstones. Dominant mudstone beds through package 5 indicate a low-energetic 
setting. The angular unconformity above the Silurian strata was possibly related to a 
regional uplift during the Wuyi–Yunkai orogeny [BGMRGX, 1985]. 
4.4.2 The Shaoguan section 
The Shaoguan section, near the town of Zhoutian on the northwestern margin of the 
Wuyi–Yunkai orogenic core (Figure 4.1A-B), comprises mid-Cambrian to 
Ordovician strata that are unconformably overlain by Devonian quartz-rich 
sandstones (Figures 4.2E and 4.3). The lower-Cambrian strata only crop out in a 
parallel section ~50 km to the east [Zhang and He, 1993]. The Cambro-Ordovician 
strata in the Shaoguan section are divided into three lithological packages.  
Package 1: lower-Cambrian to lower part of mid-Cambrian. This package comprises 
rhythmical interlayers of thick, horizontally-laminated sandstone and thin, dark-grey 
mudstone. Sandstone beds are of felspathic quartz sandstone and siltstone, and 
mudstone beds are carbonaceous shales containing nodular pyrite [Zhang and He, 
1993]. Such interlayers of sandstone, siltstone and mudstone have been interpreted as 
turbiditic deposits in a hemipelagic to shallow marine setting [Zhang and He, 1993]. 
The lower part of mid-Cambrian strata, with horizontally-laminated sandstone, is 
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Package 2: upper part of mid-Cambrian to lower-Ordovician. The package is an 
upwards-coarsening assemblage of fine- to medium-grained quartz feldspathic 
sandstone intercalated with calcareous mudstone. Sandy units are commonly 
horizontally laminated or low-angle cross-laminated [Yao et al., 2014], with 
ripple-marked sandstone layers found in the upper-Cambrian (Figure 4.5). The upper 
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part of the package features thicker and coarser sandstone than the lower part. 
Cambrian-aged brachiopod and sponge spicules are found in the Cambrian strata 
[Zhang and He, 1993], whereas lower-Ordovician strata are graptolitic [RGMRGD, 
1962]. The low-angle cross-laminated sandstone along with grey-purple mudstone 
imply deposition in an oxidised, low energy environment. Marine fossils throughout 
the package imply normal marine salinities. Hence, package 2 is interpreted to have 
been deposited in a shallow marine setting. 
Package 3: mid- to upper-Ordovician. This package, named the Longtouzhai Group 
(Figure 4.3), comprises intercalations of thick-bedded, fine- to medium-grained 
feldspathic sandstones and thin-bedded mudstones [RGMRGD, 1962, BGMRGD, 
1988]. A thin conglomeratic layer crops out at the top part of the package, followed 
by upward-increasing mud-rich layers (Figure 4.5). No sedimentary structures or 
fossils were found in this package due to poor outcropping. Silurian sedimentary 
strata are missing in the Shaoguan section and adjacent regions. The entire package 
was regarded as deltaic deposits with sufficient supply of terrestrial detritus 
[BGMRGD, 1988], as shown by the dominant thick sandstone beds likely deposited 
in a delta front with fluvial distributary channels. 
4.4.3 The Dongkou section 
The Dongkou section is located near the town of Yuexi in Dongkou county (Figure 
4.2F). The section comprises Cambro-Silurian strata, with two NE-trending faults 
cutting off Silurian strata [RGMRHN-a, 1965; BGMRHN, 1988]. All beds are 
overturned and dip toward southeast, possibly reflecting Mesozoic deformation. 
Three lithological packages are identified in this section. 
Package 1: Cambrian. The package mainly consists of siliceous and carbonaceous 
shale (Figure 4.6). The lower-Cambrian strata comprises dark-grey siliceous and 
carbonaceous shales (Figure 4.6 photo A) that contain sponge spicules (Protospongia 
sp.) [RGMRHN-a, 1965]. The mid- to upper-Cambrian strata comprises dark-grey 
limestones intercalated with green shales [RGMRHN-a, 1965]. Dark-grey siliceous 
shales in the lower-Cambrian were likely deposited in an anoxic deep-water 
environment. The upwards transition to carbonates probably recorded shallowing. 
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Overall, this package was likely deposited on a carbonate ramp. 
  
Figure  4.6.  Cambro‐Silurian  lithostratigraphic  column  of  the  Dongkou  Section.  Lithologic 
scale  and  information  are  the  same  as  in  Figure  4.4.  Field  photos:  (A)  lower  Cambrian 
horizontal‐laminated  black  carbonaceous  shale,  with  a  pen  (15  cm  long)  for  scale;  (B) 
thick‐bedded  fine  sandstone  intercalated  with  thin‐bedded  yellowish  shale  packages  in 
mid‐Ordovician strata; (C) a series of flute casts on sandstone surface with a notebook (18 
cm  in  length)  for  scale,  and  (c)  an  enlarged  flute  cast, with  a hammer  (30  cm  long);  (D) 
Asymmetrical ripple marks on the topmost Silurian sandstones with a notebook (18 cm long) 
for scale. 
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Package 2: Ordovician. This package consists of the lower-Ordovician part and mid- 
to upper-Ordovician part. The lower-Ordovician part comprises grey graptolitic 
carbonaceous shales intercalated with limestone lenses [RGMRHN-a, 1965]. The 
mid- to upper-Ordovician part comprises grey graptolitic shale and minor 
horizontal-laminated siltstone in the lower part, and horizontal-bedded fine-grained 
sandstone with minor graptolitic shale in the upper part (Figure 4.6 photo B). 
Siliceous shales in the top part of Ordovician are separated from the overlying 
Silurian strata by a thrust fault (Figure 4.2F) [RGMRHN-a, 1965]. The abundant 
shale in the lower part are indicative of a low energy setting, and the upward 
transition to cross-bedded sandstones implies an increased detrital supply and water 
energy in a possible shallow marine setting. The overall package is interpreted as 
shallow marine deposition. 
Package 3: Silurian. The package comprises a lower part of siltstone–mudstone and 
an upper part of sandstone–siltstone–mudstone, separated by a thrust fault (Figure 
4.2F) [RGMRHN-a, 1965; BGMRHN, 1988]. Flute casts throughout Silurian 
sandstone surfaces imply northwest-directed palaeoflows (Figure 4.6 photo C). 
Planar cross beddings are preserved in the lower part of the package, and ripple 
marks are present in the upper part (Figure 4.6 photo D). Graptolites (Glyptograptus 
sp. and Pristiograptus sp.) preserved in the dark-grey mudstone are indicative of 
Silurian ages [RGMRHN-a, 1965]. Silurian strata are overlain by mid-Devonian 
quartz sandstone on an angular unconformity (Figure 4.3). The Silurian package is 
interpreted as possible deltaic deposits in a marine-subaerial transitional setting. The 
lower part of the package was likely deposited in a delta front with dominant 
arenaceous deposition. The upper part was possibly in a lower energitic delta plain 
with rhythmical intercalations of fine-grained sandstone and shale. 
4.4.4 The Zhangjiajie section 
The Zhangjiajie section is located near the Wentang town to the northwest of 
Zhangjiajie city (Figures 4.1A and 4.2G). It comprises Cambro-Ordovician 
carbonates and Silurian siliciclastic rocks, and is disconformably overlain by 
mid-Devonian quartz sandstone [RGMRHN-b, 1968; BGMRHN, 1988]. The section 
is divided into three lithological packages. 
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Package 1: Cambrian to Ordovician. The package consists of the lower part 
(lower-Cambrian) and the upper part (mid-Cambrian to upper-Ordovician). The 
lower part comprises dominant black carbonaceous shales with minor carbonates at 
the top (Figure 4.7). The upper part comprises carbonate, grey grainstone, 
wackestone, anhydritic dolomite and nodular muddy limestone (Figure 4.7 photo A) 
[RGMRHN-b, 1968]. A carbonate to clastic transition was observed in the top part of 
the package (Figure 4.7). Abundant trilobites, brachiopod and graptolites are 
preserved throughout the package [RGMRHN-b, 1968]. Black shales in the lower 
part were possible anoxic deep-water deposits, and shale–carbonate interbeds are 
considered to be deposits in transitional settings from deep-water to carbonate ramp. 
The dominant carbonates in the upper part probably recorded a carbonate ramp 
setting (Figure 4.7). 
Package 2: lower part of lower-Silurian. This package comprises abundant green and 
purple mudstone (Figure 4.7 photo B), intercalated with minor siltstones and 
sandstones. Silurian-aged graptolites are preserved throughout the package 
[RGMRHN-b, 1968; BGMRHN, 1988]. Horizontal-laminated, graptolitic siltstone 
and mudstone beds are interpreted as marine deposits in a low energitic and saline 
water setting. The finest grain size and lowest content of sandstones in the 
Zhangjiajie section compared to the other sections indicate that the detritus probably 
travelled a long way to a distal part of the basin. 
Package 3: upper part of lower-Silurian to upper-Silurian. This package comprises 
thick-bedded quartz sandstone and minor shale in the lower part, and ripple-marked, 
bioturbated, and/or cross-bedded sandstone with purple shale in the upper part 
(Figure 4.7 photo C). It is in disconformable contact with the mid-Devonian quartz 
sandstone (Figure 4.7 photo D). Graptolite fossils in the lower part and 
brachiopod–cephalopod fossils in the middle part of the package are of Silurian ages 
[RGMRHN-b, 1968]. The overall package is interpreted to have been formed in a 
deltaic setting, with the lower part as prodelta facies, and the upper part as delta front 
facies with high energy features such as ripple marks and cross laminations. 




scale  and  information  are  the  same  as  Figure  4.4.  Field  photos:  (A)  lower‐Ordovician 
crystalline limestone, with a pen (15 cm long) for scale; (B) lower‐Silurian green and purple 
shale  interlayers;  (C)  thick‐  to  medium‐bedded  fine  sandstones  intercalated  with 
thin‐layered  shales;  (D)  mid‐Devonian  brick‐red  fine‐grained  quartz  sandstone 
disconformably overlying Silurian sandstones. The notebook is 18 cm in length for scale. 
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4.4.5 Palaeocurrent analysis 
Sedimentary structures indicative of palaeocurrent directions include trough 
cross-beds, planar cross-beds, flute casts and ripple marks [Nichols, 2009]. After 
restoring the tilted beds, two groups of measurements from Ordovician cross-bedded 
sandstones in the Yulin section show a northwestward palaeoflow (Figure 4.8B). 
Silurian flute casts from the Dongkou section also indicate a northwestward transport 
of detritus (Figure 4.6 photo C). Furthermore, Cambro-Ordovician cross-beds and 
asymmetrical ripple marks, to the northeast of the Shaoguan section, and cross beds 
in Silurian strata at Zhangjiajie indicate palaeoflow to the northwest [Wang Y.J. et al., 
2010]. Therefore, all palaeocurrent measurements across the basin indicate a 
dominantly northwest-directed transport direction (Figure 4.8A-C). This 
northwest-directed clastic transport direction also agrees with lower Palaeozoic 
palaeography in the SCB [Liu and Xu, 1994], which suggests that the southeastern 
Cathaysian margin was probably uplifted during the Ordovician and the uplifting 
continued into the Silurian and expanded to almost the entire Cathaysia Block 
(Figure 4.8B-C). The uplift also resulted in lithofacies variation from 
lower-Ordovician graptolitic shale to upper-Ordovician nearshore sandstone in the 
regions close to the Shaoguan section [Chen et al., 2012], and a northwestward 
decrease of bentonite thickness in the basin [Su et al., 2009]. 
4.5 Basin Evolution 
4.5.1 The early Palaeozoic palaeogeography of the SCB 
Based on the lithostratigraphic and palaeocurrent analyses in section 4.4, it appears 
that a lower Palaeozoic sedimentary basin covered the entire SCB. The depositional 
architecture of the basin and sediment dispersal was grossly progradational to the 
northwest, and sediment composition was mostly of siliciclastic nature (Figure 
4.8A-C). During the Cambrian, the Yangtze Block mostly developed a carbonate 
depositional system, although minor siliciclastic intercalations are recorded in 
lower-Cambrian strata of western Yangtze [BGMRGX, 1985; BGMRGZ, 1988; 
BGMRHN, 1988]. In contrast, sedimentation on the Cathysia Block was 
overwhelmingly siliciclastic [BGMRGD, 1988; BGMRGX, 1985; BGMRHN, 1988; 
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BGMRJX, 1984]. Although the margin of western Yangtze (blank areas with question 
marks in Figure 4.8A) was locally uplifted during the early Cambrian as indicated by 
an early Cambrian hiatus there [Liu and Xu, 1994; Liu et al., 1995], the regionally 
dominant carbonate lithofacies in northwestern Yangtze, and the consistant 
northwest-ward paleoflow directions in the studied clastic strata along the 
southeastern margin of the Yangtze Block, do not support the existence of a high 
topography at the western Yangtze Block at that time (Figure 4.8A). The contrast 
between the carbonate-dominated deposition over Yangtze and the siliciclastic 
deposition over Cathaysia, and the lack of known elevated land area on Cathaysia 
lead to the conclusion that the clastic source was outboard of the current southeastern 
Cathaysia margin [Chen et al., 1995, 1997], which is supported by detrital 
provenance analyses [Yao et al., 2014] and paleocurrent measurements (Figure 4.8). 
 
Figure 4.8. Palaeogeographic maps of the South China Block showing the evolution of the 
Nanhua  foreland  basin  and  the Wuyi–Yunkai  orogen  through  the  (A) mid‐Cambrian,  (B) 
mid‐Ordovician and (C) early‐Silurian (revised after Liu and Xu, 1994). 
The northwestward progradation of clastic sedimentation continued from the 
Cambrian into the Ordovician, resulting in an expanding clastic depositional area. 
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The southeastern Cathaysia Block started to elevate in the early-Ordovician [Liu and 
Xu, 1994], and the uplifted area expanded during the mid-Ordovician, continuing to 
shed detritus to the northwest (Figure 4.8B). The presence of the uplift is supported 
by both the palaeogeography of South China and the absence of Ordovician strata in 
southeastern Cathaysia (Figure 4.1B). The local uplift starting in the 
earliest-Ordovician (Figure 4.1A) and expanding to the northwestward, along with 
the northwestward migration of clastic depostional centres, indicate that the 
Wuyi–Yunkai orogeny may have started from the earliest-Ordovician (ca. 480 Ma), 
older than the oldest retrograde metamorphic age of ca. 460 Ma (mid-Ordovician) [Li 
Z.X. et al., 2010]. The siliciclastic progradation led to changes of lithology and facies 
in the southeastern Yangtze (i.e. the Dongkou section), from shale–carbonate 
(Cambrian) to sand–shale (mid-Ordovician) (Figure 4.6).  
By the early-Silurian, carbonate deposition had effectively been terminated in the 
SCB (Figure 4.8C). The Yangtze Block was covered by fine-grained sandstone and 
shale, with coarse-grained sediments deposited along the Jiangshan–Shaoxing Fault. 
Much of the Cathaysia Block was uplifted by then. The Yulin–Hainan region in 
southern Cathaysia was the only region in Cathaysia that received Silurian clastic 
sedimentation (Figure 4.8C), consisting of thousand metres of sandstone–mudstone 
(Figure 4.4). This Silurian clastic package was named the “Qinfang Trough” in the 
Chinese literature, and has long been an enigma regarding its sedimentary and 
tectonic regime [BGMRGX, 1985; Liu and Xu, 1994; Liu, 1998; Xu et al., 2001] (see 
4.5.3 for further discussion). 
4.5.2 The lower Palaeozoic Nanhua Basin: a peripheral foreland basin 
The palaeogeographic evolution of the SCB indicates that the uplift and erosion 
along the southeastern Cathaysian margin progressively migrated to the northwest 
during the early Palaeozoic. The stratigraphic correlation through the four sections 
indicates that the lower Palaeozoic Nanhua Basin is northeasterly-oriented (Figure 
4.9), with the main, elongated depocentre of the clastic deposition typically laying 
along the northern boundary of the Wuyi–Yunkai orogenic belt [Liu and Xu, 1994; Li 
Z.X. et al., 2010]. These features suggest that the Nanhua Basin is of compressional 
origin – either a retro-arc foreland basin or a peripheral foreland basin. 
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The major difference between the two aforementioned foreland basins is that a 
magmatic arc is presented in front of a retro-arc foreland basin, but not for a 
peripheral foreland basin [Dickinson, 1974; Busby and Ingersoll, 1995]. To test 
whether there was an early Palaeozoic arc in southern SCB, we examined all 
Cambro-Silurian magmatic rocks in the region. A few volcanic rocks have been 
found, mainly within the Wuyi–Yunkai orogenic core and with Silurian ages (ca. 435 
Ma) [Yao et al., 2012], whereas dominant plutonic rocks are distributed in both the 
orogenic core and fold-and-thrust areas and in a slightly younger age range (ca. 
440–400 Ma) [Li Z.X. et al., 2010 and references therein; Wang Y.J. et al., 2011]. The 
Silurian volcanic rocks carried no arc signature, but were interpreted as products of 
lithospheric delamination during the late Wuyi–Yunkai orogeny [Yao et al., 2012; 
Wang Y.J. et al., 2013], whereas the ca. 440–400 Ma plutonic rocks were remelted 
from old crustal rocks with little input of juvenile mantle [e.g., Chen and Jahn, 1998; 
Zeng et al., 2008; Zhou, 2003; Li Z.X. et al., 2010; Wang Y.J. et al., 2011]. No 
Cambrian–Ordovician magmatic rock has yet been found in the region.  
Therefore, the lower Palaeozoic Nanhua Basin has preserved no convincing evidence 
for the presence of a magmatic arc, and is thus interpreted as a peripheral foreland 
basin [e.g, Li Z.X., 1998]. Five lines of supporting geological evidence are presented 
as follows. First, the Nanhua Basin has an asymmetrical wedge-shaped basin-fill, 
thickening southeastward, bounded by the Wuyi–Yunkai orogen to its southeast 
(Figures 4.1A). Second, the sedimentation across the basin generally shows a trend 
of upwards-coarsening clastics and coupled upwards-shallowing water depth. Third, 
the palaeocurrents to the northwest indicate that detritus were transported from the 
southeast: regions outboard of the current Cathaysia Block during the Cambrian and 
the Wuyi–Yunkai orogen during the Ordovician–Silurian, respectively (Figure 4.8). 
Fourth, the Wuyi–Yunkai fold-and-thrust belt advanced towards the basin, as 
recorded by the northwestward migration of clastic depocentres. Fifth, the evolution 
of foreland fills is recorded by the lateral propagation of sedimentary facies from 
southeast to northwest. The time-space correlation indicates that the basin was 
gradually filled, from an underfilled to filled basin dominated by marine facies to an 
overfilled basin dominated by subaerial facies (Figure 4.9). 
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Figure  4.9.  Time‐space  diagram  of  the  Cambro–Silurian  South  China  Block,  covering  the 
Zhangjiajie, Dongkou, Yulin and Shaoguan sections across the Nanhua Basin.  
4.5.3 Sedimentary response to two successive orogenies which affected the SCB 
According to the sedimentary facies and stratigraphy analysis, the lower Palaeozoic 
Nanhua foreland basin is made up of two depositional cycles (Figure 4.9).  
The first depositional cycle exhibits an underfilled to filled basin-fill during the 
Cambrian to earliest-Ordovician, with diachronous turbiditic facies and shallow 
marine facies across the basin (Figure 4.9). The marine turbiditic facies was limited 
to the Yulin and Shaoguan sections during the early- to mid-Cambrian, and pinched 
off before reaching the Dongkou section (Figure 4.9). The foredeep of the Nanhua 
foreland basin during the first depositional cycle was in the Shaoguan–Yulin area 
(Figure 4.10A-B), as suggested by the much thicker clastic strata (2300m in 
Shaoguan and 3000m in Yulin) than that in the Dongkou region (450m of clastic 
strata) (Figures 4.4–4.6). We notice that the conformably underlying Ediacaran strata 
share same lithological associations and clastic provenance with the Cambrian strata 
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in the Cathaysia Block [BGMRGD, 1988; BGMRGX, 1985; BGMRHN, 1988; 
BGMRJX, 1984; Yao et al., 2014], which leads to a speculation that the Nanhua 
Basin probably started to receive foreland deposits as early as the Ediacaran [Yao et 
al., 2014].  
Because of the northwest-deepening water depth, the northwest-directed palaeoflows, 
and the lack of exposed land area within the Cathaysia Block during the Cambrian to 
earliest-Ordovician (Figure 4.8A) [Liu and Xu, 1994], it is speculated that the source 
region of foreland deposits was outboard the current southeastern Cathaysia [e.g., 
Wang Y.J. et al., 2010; Jiang et al., 2014; Yao et al., 2014]. Yao et al. [2014] proposed 
that the SCB probably started to collide with the northern Indian margin of 
Gondwanaland since the Ediacaran. This collisional orogen, along with direct or 
recycled detritus from the East African orogen, probably provided foreland deposits 
to the Nanhua Basin during the Ediacaran to earliest-Ordovician. 
The second depositional cycle records an overfilled stage during the 
early-Ordovician to Silurian, and comprises a diachronous fluvial-dominated deltaic 
facies across the basin (Figure 4.9). The deltaic clastic facies covered the 
Yulin–Shaoguan area during the early-Ordovician to earliest-Silurian, migrated to the 
Dongkou section in the early-Silurian, and reached the Zhangjiajie section slightly 
later. The lowest-Silurian clastic sediments at Zhangjiajie are taken as the lateral 
equivalent of shallow marine facies that migrated from the southeast, whereas the 
mid- to upper-Silurian clastics may represent a lateral migration of fluvial-dominated 
deltaic facies from the southeast. The dominant fluvial-deltaic facies in the 
Shaoguan–Yulin sections and lateral migration suggests that the lower Palaeozoic 
Nanhua foreland basin was in a filled-overfilled stage during the early-Ordovician to 
Silurian (Figure 4.10C-D).  
The dominant subaerial sedimentary facies over the Nanhua Basin during the 
early-Ordovician to Silurian was related to the local Wuyi–Yunkai orogen uplifting in 
the Cathaysia Block, which activated during >460–415 Ma [Li Z.X. et al., 2010]. The 
Wuyi–Yunkai orogen provided more proximal and coarser detritus to the second 
stage of foreland sedimentation in the Nanhua Basin, forming the shallow marine to 
deltaic depositional strata. This local orogeny was also recorded by the widespread 
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ca. 460–415 Ma magmatism, metamorphism and deformation along the Wuyi and 
Yunkai Mountains (Figure 4.1A). Our stratigraphic analysis of the Yulin section, 
however, shows that the conglomeratic units started to deposit along the 
Wuyi-Yunkai Mountains in the early-Ordovician (Figure 4.4). It thus implies that the 
Wuyi–Yunkai orogeny may have been activated, and the southeastern Cathaysia 
Block started to elevate as early as the early-Ordovician [Liu and Xu, 1994]. The 
absence of Silurian sedimentary strata in the Shaoguan section suggests that the 
Yulin–Shaoguan region had already been uplifted by the early-Silurian (Figure 4.1A). 
The fact is that the region was likely a part of the orogenic core as suggested by the 
metamorphism of lower- to mid-Cambrian strata in the Yulin section (Figure 4.4). 
The dominance of Silurian silt- to fine- sandstones in the Zhangjiajie section 
indicates that it is on the distal edge of the Nanhua Basin, receiving finest sediments 
in the late stage of foreland deposition (Figure 4.10D). The disconformity between 
the Silurian and Devonian strata in the Zhangjiajie section instead of 
Silurian–Devonian and/or Ordovician–Devonian angular unconformities in the Yulin, 
Shaoguan and Dongkou sections also indicates that the fold-and-thrust deformation 
did not reach the Zhangjiajie region (Figure 4.3). It is noteworthy that the Yulin 
section, despite being located within the orogenic core, deposited thick marine strata 
during the Silurian (Figures 4.4 and 4.9). This abnormal Silurian package (the 
“Qinfang Trough”) was likely deposited either in a piggy-back basin, and/or a graben 
formed during orogenic collapse (Figure 4.10D). The Wuyi–Yunkai orogeny is thus 
expected to have started as early as the early-Ordovician, marked by the first 
conglomeratic unit in the Yulin section [the early stage of the lower-Ordovician 
Huang’ai Formation (O1h
1) in Figure 4.4]. 
4.6 Conclusions 
According to the stratigraphic and sedimentary analyses of the four lower Palaeozoic 
sections in South China, we interpret the Nanhua Basin as a peripheral foreland basin 
activated from the Ediacaran to the Silurian. Our main findings are listed as 
following: 
(1) The stratigraphic history show that the Nanhua foreland basin involved two 
stages of sedimentation: the first underfilled to filled stage (Cambrian to 
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earliest-Ordovician), with siliciclastic marine facies covering the entire Cathaysia 
and part of the southeastern Yangtze blocks; and the second overfilled stage 
(early-Ordovician to Silurian), with dominant deltaic facies covering the majority of 
Yangtze and part of the northern and southwestern Cathaysia blocks.  
 
Figure  4.10.  Cross‐sections  of  the  lower  Palaeozoic  Nanhua  foreland  basin  showing  its 
sedimentary and tectonic evolution in different time intervals. 
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(2) The two stages of foreland sedimentation were likely linked to two orogenic 
events that affected the SCB. The first stage (Cambrian to earliest-Ordovician) was 
likely related to an orogeny outboard the SCB, generated from the collision between 
the SCB and northern India of eastern Gondwanaland. The second stage 
(early-Ordovician to Silurian) was likely related to the local intraplate Wuyi–Yunkai 
orogeny within the SCB, which was resulted from far-field stress of the 
aforementioned collision.  
(3) The thick Silurian marine clastic package in the southwestern Cathaysia Block 
was probably piggy-back basin deposits and/or possible graben deposits formed 
during the collapse of the Wuyi–Yunkai orogen. 
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Abstract 
We report here in-situ U–Pb and Hf isotopic results of detrital zircons from 
sixteen Cambrian–Silurian clastic samples across the Nanhua foreland basin, 
South China. Together with published data from Ediacaran–Silurian sandstones 
in the region, we establish the temporal and spatial provenance evolution across 
the basin. Except for samples from northeast Yangtze, all other 
Ediacaran–Silurian samples exhibit a prominent population of 1100–900 Ma, 
moderate populations of 850–700 Ma and 650–490 Ma, and minor populations 
of ca. 2500 Ma and 2000–1300 Ma, grossly matching that of crystalline and 
sedimentary rocks in northern India. Zircon Hf isotopes further reveal four 
episodes of juvenile crustal growth at 2.5 Ga, 1.8 Ga, 1.4 Ga and 1.0 Ga in the 
source regions. Utilizing the basin history and early Palaeozoic palaeogeography 
of South China, we conclude that the Ediacaran–Cambrian sediments in the 
Nanhua foreland basin were mainly sourced from northern India and adjacent 
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orogens, and the Ordovician–Silurian sediments were derived from both locally 
recycled Ediacaran–Cambrian rocks and eroded Cathaysian basement. The 
Wuyi–Yunkai late-orogenic magmatic rocks also contributed to the Silurian 
sediments in the basin. The upper-Ordovician to Silurian samples in northeast 
Yangtze received higher proportions of local Cryogenian (850–700 Ma) 
rift-related magmatic rocks which were uplifted during late-Ordovician to 
Silurian time. We speculate that there was an Ediacaran–Cambrian collisional 
orogeny between South China and northern India, shedding sediments to the 
early Nanhua foreland basin. Far-field stress during the late stage of this 
collisional orogeny triggered the Ordovician–Silurian intraplate Wuyi–Yunkai 
orogeny in South China, and erosion of this local orogen provided detritus to the 
late Nanhua foreland basin. 
Key Words: South China, Nanhua foreland basin, Detrital provenance, 
Ediacaran–Cambrian, Ordovician–Silurian  
5.1 Introduction 
Sedimentary provenance analysis of peripheral foreland deposits can provide 
important insights into nature of the adjacent orogen which may have lost much of its 
record due to syn- to post-orogenic erosion (e.g., Cawood et al., 2007; Myrow et al., 
2010). Zircon U–Pb age patterns can indicate provenance, patterns of sediment 
dispersal and timing of orogenic uplift (e.g., Condie et al., 2009; Squire et al., 2006). 
Age spectra of detrital zircons can act as a census of ages of (1) crystalline rocks 
exposed along an orogen at the time of erosion and transport of detritus, and (2) 
detritus recycled from older sedimentary rocks. The proportion of different zircon 
age peaks reflect the input of various sources, as controlled by the extent of exposed 
bedrocks, erosional rates, and degrees of recycling of older sedimentary rocks along 
transport paths (e.g., Amidon et al., 2005; Dickson, 2008). Zircon Hf isotopes can 
reveal the nature of source rocks, and/or proportion of mantle input to the source 
(e.g., Hawkesworth and Kemp, 2006; Kemp et al., 2006; Belousva et al., 2010). 
Integrated analyses of detrital zircon U–Pb and Hf isotopes have thus become a 
powerful tool for deciphering provenance evolution of a sedimentary basin and 
denudation history of source regions (e.g., Myrow et al., 2010; Zhang et al., 2012).  
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The South China Block (SCB), one of the largest continental blocks in East Asia, 
underwent its first Phanerozoic tectonic event during the early Palaeozoic – the 
Wuyi–Yunkai orogeny (e.g., Li et al., 2010a). This orogeny not only produced a 
series of metamorphic complexes along the Wuyi–Baiyun–Yunkai Mountains (e.g., 
Wang et al., 2007b; Yu et al., 2008, 2010; Li et al., 2010a; Wan et al., 2010), but also 
generated a peripheral foreland basin – the Nanhua basin (Figure 5.1), with 
thousands of metres of sedimentary strata accumulated (e.g., Li, 1998; Yao et al., 
2014b and references therein). However, due to Mesozoic tectonic modifications in 
the region, neither nature of this early Palaeozoic orogeny nor provenance changes 






In this paper, we present detrital zircon U–Pb ages and Hf isotopes from sixteen 
Cambrian–Silurian sedimentary samples across the Nanhua foreland basin. Together 
with published detrital zircon data, we establish a temporal and spatial framework of 
sediment dispersals across the basin, to better address provenance evolution of the 
Nanhua foreland basin and denudation history of the Wuyi–Yunkai orogen.  
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5.2 Geological Background and Sampling 
5.2.1 Geological setting of the SCB 
The SCB consists of the Yangtze Block in the northwest and the Cathaysia Block in 
the southeast (Figure 5.1 inset), which joined together in the early Neoproterozoic 
(e.g., Li et al., 2002, 2008a, 2009; Zhou et al., 2002a, 2002b; Wang et al., 2004). The 
boundary between these two blocks is approximately along the Jiangshan–Shaoxing 
Fault at the eastern end, whereas its western extension is unclear due to poor 
exposure and tectonic modifications (Figure 5.1) (e.g., Ren, 1991; Li et al., 2010a). 
The Yangtze and Cathaysia blocks have different crystalline basement compositions. 
The Yangtze basement consists of Archean outcrops (3.3–3.2 Ga and 2.95–2.90 Ga) 
in the Kongling Complex of northern Yangtze (Qiu et al., 2000; Zheng et al., 2006; 
Jiao et al., 2009; Gao et al., 2011) and more widespread Proterozoic rocks, include: 
(1) Mesoproterozoic metasediments (≤1.53 Ga) (Li et al., 2007) and magmatic rocks 
(1.16–0.88 Ga) (Ye et al., 2007; Li et al., 2008b, 2009, 2013a) on the southeastern 
Yangtze margin; (2) volcanoclastic rocks (1.7–0.9 Ga) and metamorphosed 
equivalents on the southwestern Yangtze margin (Li et al., 2002; Greentree et al., 
2006; Greentree and Li, 2008; Sun et al., 2009; Zhao et al., 2010). The Cathaysia 
basement rocks are poorly-exposed and scattered, with the oldest known crystalline 
rocks being granites and amphibolites (1.89–1.77 Ga) in northeastern Cathaysia (Li, 
1997; Li and Li, 2007; Xiang et al., 2008; Zeng et al., 2008; Yu et al., 2011) and 
gneissic granitoids (1.43 Ga) in southern Cathaysia (Ma et al., 1998; Li et al., 2002, 
2008c). Mid- to late-Neoproterozoic magmatic rocks (860–750 Ma) and 
volcanoclastic successions are well preserved in the mid-Neoproterozoic Nanhua rift 
basin between the Yangtze and Cathaysia blocks as well as in the Kangdian rift basin 
on the western Yangtze margin (e.g., Zhou et al., 2002a, 2006; Li et al., 2003a, 2003b, 
2005, 2010b; Wang et al., 2006; Shu et al., 2011). 
The early Palaeozoic Wuyi–Yunkai orogeny in the SCB is represented by an angular 
unconformity between upper Palaeozoic terrestrial deposits (Devonian and younger) 
and lower Palaeozoic clastic successions, granites and Precambrian rocks in the 
southeastern SCB (e.g., Huang et al., 1980; BGMRJX, 1984; BGMRGX, 1985; 
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BGMRGD, 1988; BGMRHN, 1988; Ren, 1991; Wang et al., 2007b; Li et al., 2010a). 
This tectonic event was traditionally referred as “the Caledonian orogeny” (430–400 
Ma) in Chinese literature (e.g., Huang et al., 1980; Yang et al., 1986; Ren, 1991), but 
has been re-named the Wuyi–Yunkai orogeny after the metamorphic complexes 
exposed along the Wuyi–Baiyun–Yunkai Mountains (Figure 5.1) (Li et al., 2010a). 
The Wuyi–Yunkai orogeny, active from >460 Ma to 415 Ma, resulted in uplift of the 
Wuyi–Yunkai orogen and subsidence of the Nanhua foreland basin to its northwest 
(Figure 5.1) (Li et al., 2010a).  
Based on basin geometry and stratigraphic analyses of the Nanhua foreland basin, 
Yao et al. (2014b) proposed that the foreland deposition probably started from the 
Ediacaran (late-Neoproterozoic), much earlier than the starting time of the 
Wuyi–Yunkai orogeny at the Ordovician. The early Nanhua foreland basin covered 
much of the Cathaysia as well as southeastern Yangtze during the 
Ediacaran–Cambrian. As the Wuyi–Yunkai orogen activated and propagated towards 
the northwest, the early basin was partly assimilated into the orogenic core and the 
fold-and-thrust belt, and left a remnant basin to its northwest by the late Silurian 
(Figure 5.1) (e.g., Li, 1998; Li et al, 2010a; Chen et al., 2012; Yao et al., 2014b). 
5.2.2 Stratigraphic sections and detrital sample groups 
Clastic samples were systematically collected from Ediacaran to Silurian strata 
across the entire width of the Nanhua foreland basin (Figure 5.1). Sixteen new 
samples from this study and fifty-four samples from previous studies are put into 
four groups according to their geological locations in relation to the Wuyi–Yunkai 
orogen. Group 1 samples were from the orogenic core, group 2 from the 
northwestern margin of the orogen (subgroup 2-1 from the northeastern end, 
subgroup 2-2 from the central section, and subgroup 2-3 from the southwestern end), 
group 3 from the fold-and-thrust belt, and group 4 from the remnant Nanhua foreland 
basin (Figure 5.1). A summary of all detrital samples employed in this study is given 
in Table 5.1.  











Sample subgroup 2-3 includes eleven new clastic samples from the Yulin section and 
four published samples from the Nanning section (Xu et al., 2014), both locating in 
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the southern part of the early Nanhua foreland basin (Figure 5.2, Table 5.1). The 
Yulin section consists of Ediacaran–Silurian clastic strata, comprising intercalations 
of shale, siltstone and sandstone (RGMRGX-a, 1966; RGMRGX-b, 1968; 
BGMRGX, 1985). The Ediacaran–Silurian strata generally include a metamorphosed 
Ediacaran to mid-Cambrian package, an upward-coarsening upper-Cambrian to 
lower-Ordovician package and an upward-coarsening mid-Ordovician to 
lowest-Silurian package, followed by an upward-fining Silurian package (Figure 5.2) 
(Yao et al., 2014b). Shallow water sedimentary structures such as planar cross 
bedding, ripple marks and clast imbrication are preserved in the succession 
(RGMRGX-a, 1966; BGMRGX, 1985; Yao et al., 2014b). The mid- to upper-Silurian 
strata overlie the lower Silurian coarse-grained sandstones above a disconformity, 
and are overlain by Devonian quartz sandstones with an angular unconformity 
(RGMRGX-a, 1966; RGMRGX-b, 1968; BGMRGX, 1985). 
Sample group 3 includes three new clastic samples from the Dongkou section and 
two published samples from adjacent areas (Wang et al., 2010), located in the 
fold-and-thrust zone (Figure 5.2, Table 5.1). The Dongkou section consists of 
Ediacaran to lower-Ordovician interstratifies of shale and carbonaceous shale, and 
mid-Ordovician to Silurian interstratifies of shale, siltstone, and variable-grained 
sandstone (RGMRHN-a, 1965; BGMRHN, 1988). The mid-Ordovician to Silurian 
clastic succession exhibits an upward-coarsening trend, with three packages of mid- 
to upper-Ordovician, lower-Silurian and mid- to upper-Silurian (Yao et al., 2014b). 
Sample group 4 includes two new clastic samples from the Zhangjiajie section, and 
seven published samples from adjacent areas (Wang et al., 2010), locating in the 
remnant foreland basin (Figure 5.2, Table 5.1). The Zhangjiajie section comprises 
Ediacaran–Ordovician shales and carbonates, and uppermost-Ordovician to Silurian 
interstratifies of shale, siltstone and sandstone (RGMRHN-b, 1968; BGMRHN, 1988) 
in two upward-coarsening packages (Yao et al., 2014b).  
Details of regional stratigraphy and sampling lithology for the other sections can be 
found in published literature: the Baiyun–Yunkai section, group 1 (Yu et al., 2008, 
2010); the Quzhou section, subgroup 2-1 (Xu et al., 2012; Li et al., 2013b); the 
Chongyi–Shaoguan sections, subgroup 2-2 (Wang et al., 2010; Wu et al., 2010; Yao 
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et al., 2011, 2014a). Some of the samples (Yu et al., 2008, 2010; Wang et al., 2010; 
Yao et al., 2011) were collected from areas adjacent to the published stratigraphic 
columns with correlatable lithostratigraphic sections.  
5.3 Analytical Methods 
5.3.1 Sample preparation 
Mineral separation was conducted at the Institute of Hebei Regional Geology and 
Mineral Survey in Langfang, China. Zircon crystals were extracted from bulk-rocks 
using standard density and magnetic separation techniques. Zircon grains were 
hand-picked under a binocular microscope, and cast in epoxy mounts together with 
zircon U–Pb standards 91500 and Plešovice, followed by polishing to section the 
crystals in half. All zircon grains were imaged in transmitted and reflected light as 
well as cathodoluminescence (CL) to better reveal their internal structures. 
5.3.2 Zircon U–Pb geochronology 
5.3.2.1 LA-ICP-MS U–Pb dating  
Detrital zircon U–Pb analyses on all samples (except 10GD83-1) were carried out 
using LA-ICP-MS facilities at the Institute of Geology and Geophysics (IGG), 
Chinese Academy of Sciences (CAS), and the Institute of Earth Science in China 
University of Geosciences (CUG-Beijing). When using the IGG LA-ICP-MS facility, 
external zircon standards 91500 with 207U/206Pb age of 1065.4 ± 0.6 Ma (Wiedenbeck 
et al., 1995, 2004) and GJ-1 with 206U/238Pb age of 608.5 ± 0.4 Ma (Jackson et al., 
2004) were employed to calibrate U–Th–Pb ratios of unknown zircon grains. Glass 
NIST 610 was used for U/Th ratio determination. The detailed analytical procedure 
followed that in Xie et al. (2008). When using the CUG-Beijing LA-ICP-MS facility, 
we used zircon 91500 as an external standard for measuring U–Th–Pb concentrations. 
Zircons TEMORA with 206U/238Pb age of 416.8 ± 1.1 Ma (Black et al., 2003) and 
Plešovice with 206U/238Pb age of 337.1 ± 0.4 Ma (Sláma et al., 2008) were used as 
additional standards for monitoring the element measurements and age calculations.
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The detailed analytical procedure follows that in Song et al. (2010). The ablation pits 
on zircon grains in both labs were generally ~36 μm in diameter and 20–30 μm in 
depth. Data reduction was carried out using Glitter v4.0 (Van Achterbergh et al., 
2001), ComPbCorr#3_151 (Anderson, 2002) and Isoplot/Ex v2.49 (Ludwig, 2001a) 
packages. The U–Pb age data of zircon LA-ICP-MS analyses are presented in 
Appendix C1. 
5.3.2.2 SHRIMP U–Pb dating  
Detrital zircon U–Pb analyses on sample 10GD83-1 were carried out in John de 
Laeter Centre at Curtin University, Australia, using the Sensitive High Resolution Ion 
MicroProbe (SHRIMP) facility. Standard operation conditions of 2 nA O2
– primary 
beam, 20 μm spot size and ca. 5000 mass resolution were followed, and five scans 
were made for each age determination. U abundance was calibrated using zircon 
standard BR266 (Stern, 2001), and 206Pb/238U ratio was constrained by zircon 
standard Plešovice (Sláma et al., 2008). The detailed analytical procedure follows 
that of Williams (1998). Data reduction was carried out using Squid v2.50 (Ludwig, 
2001b) and Isoplot/Ex v2.49 (Ludwig, 2001a) packages. The U–Pb age data of 
SHRIMP analyses on sample 10GD83-1 can also be found in Appendix C1. 
5.3.3 Zircon Hf isotopic analyses 
Laser ablation zircon Hf isotopic analyses for selected samples in the Yulin section 
(Figure 5.2) were carried out at IGG–CAS, using a ThermoFinnigan Neptune 
MC-ICP-MS equipped with a 193 nm laser. Zircon 91500 and GJ-1 were used as 
reference standards, with a recommended 176Hf/177Hf ratio of 0.282307 ± 0.000031 
(2σ) (e.g., Wu et al., 2006) and 0.282000 ± 0.000005 (2σ) (Morel et al., 2008), 
respectively. Laser ablation Hf sites were centered as close as possible to the spot for 
U–Pb dating, with spot sizes of 60 μm in diameter and 45 μm in depth. More details 
on analytical and calibration procedures can be found in Wu et al. (2006). A decay 
constant for 176Lu of 1.865 ± 0.015×10−11/year (Scherer et al., 2001), the present-day 
chondritic ratios of 176Hf/177Hf = 0.282772 and 176Lu/177Hf = 0.0332 (Blichert-Toft 
and Albarède, 1997) were accepted for calculating εHf(t) values. One-stage model 
ages (TDM) were calculated relative to depleted mantle with a present-day 
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(176Hf/177Hf)DM = 0.28325 and (
176Lu/177Hf)DM = 0.0384 (Griffin, et al., 2000). 
Two-stage model ages (TDM
2) were calculated by forcing a growth-curve through the 
zircon initial ratio with an assumed (176Lu/177Hf)C value of 0.0093 corresponding to 
the upper continental crust (Amelin et al., 1999). The Hf isotopic data of samples 
from the Yulin section are listed in Appendix C2. 
5.4 Analytical Results 
Zircon U–Pb ages of individual zircon grains are plotted in Figures 5.3–5.5, zircon 
εHf(t) results are plotted in Figure 5.6, and relatively probability plots of detrital 
zircon U–Pb ages are plotted in Figure 5.7. 
5.4.1 Zircon U–Pb ages 
5.4.1.1 Cambrian–Silurian samples in sungroup 2-3  
Upper-Cambrian sample 10GD37 is a pale-white siltstone from the Yulin section 
(Figure 5.2). One hundred and twenty U–Pb spots were analyzed on 120 zircon 
grains, of which 119 analyses are concordant (Figure 5.3a). The concordant U–Pb 
ages range from 480 Ma to 3050 Ma, with a majority falling in clusters of 610–490 
Ma and 1100–800 Ma (Figure 5.7). The five youngest grains give a weighted mean 
206Pb/238U age of 496 ± 8 Ma (Figure 5.3a). 
Four lower-Ordovician samples are from the Yulin section, with three pale-white 
siltstones (10GD42-1, 10GD41 and 10GD38-1) and a brick-red quartz fine-grained 
sandstone (10GD45) (Figure 5.2). Four hundred and fifty-nine U–Pb spots were 
analyzed on 459 zircon grains, of which 453 analyses are concordant (Figure 5.3b-e). 
The concordant ages range from 480 Ma to 3450 Ma, but the majority fall in clusters 
of 610–490 Ma and 1100–800 Ma (Figure 5.7). The 19 youngest grains give a 
weighted mean 206Pb/238U age of 515 ± 7 Ma for sample 10GD42-1 (Figure 5.3b),  
and five youngest grains in sample 10GD41 give a weighted mean age of 503 ± 7 Ma 
(Figure 5.3c). While five youngest grains give a weighted mean age of 501 ± 7 Ma 
for sample 10GD38-1 (Figure 5.3d), and one youngest grain gives a 206Pb/238U age of 
499 ± 7 Ma for sample 10GD45 (Figure 5.3e). 
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Figure 5.3.  LA‐ICP‐MS  zircon U–Pb Concordia age plots of Cambrian  to Ordovician  clastic 
samples from the Yulin section. “n = 119/120” indicates the number of concordant ages and 
number  of  total  analyses, with  concordance  cut‐off  level  is  et  at  90%  –  110%. Ages  are 
shown with 1σ uncertainties. The same applied to Figures 5.4 and 5.5. 
Two mid-Ordovician samples 10GD54 (a purple mica–quartz siltstone) and 
10GD52-1 (a grey fine-grained quartz sandstone) are from the Yulin section (Figure 
5.2). One hundred and ninety-nine U–Pb spots were analyzed on 199 zircon grains 
for these two samples, of which 197 analyses are concordant (Figures 5.3f and 5.4a). 
The concordant ages range from 525 Ma to 3520 Ma, but the majority fall in clusters 
of 700–490 Ma and 1100–800 Ma (Figure 5.7). The youngest grain gives a 206Pb/238U 
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age of 539 ± 10 Ma for sample 10GD54, and two youngest grains in sample 
10GD52-1 give a weighted mean 206Pb/238U age of 527 ± 7 Ma. 
Upper-Ordovician sample 10GD51 is a grey-white, coarse-grained sandstone from 
the Yulin section (Figure 5.2). One hundred U–Pb spots were analyzed on 100 zircon 
grains, of which 99 analyses are concordant (Figure 5.4b). The concordant ages 
range from 510 Ma to 3170 Ma, but the majority fall in clusters of 700–500 Ma and 
1100–900 Ma (Figure 5.7). The three youngest grains give a weighted mean 
206Pb/238U age of 512 ± 8 Ma (Figure 5.4b). 
Lower-Silurian sample 10GD56 is a coarse-grained sandstone from the Yulin section 
(Figure 5.2). One hundred U–Pb concordant ages were obtained from 100 zircon 
grains. A small group of 25 analyses gives an age range of 490 Ma to 2800 Ma 
(Figure 5.7), whereas the dominant 75 concordant analyses yield a weighted mean 
206Pb/238U age of 437 ± 6 Ma (MSWD = 0.66) and a concordia age of 436 ± 6 Ma 
(MSWD of concordance = 0.66) (Figure 5.4c). All the 75 analyses gave Th/U ratios 
of 0.1–1.1 (Appendix C1), suggesting a likely magmatic origin. The hand specimen 
is grey-white in colour, fine-grained and high in plagioclase. Thin-section of the 
sample exhibits abundant euheral quartz and plagioclase. Therefore, sample 10GD56 
is taken as tuffaceous sandstone with a crystallization age of ca. 435 Ma, probably 
corresponding to a Silurian magmatic event (Yao et al., 2012). 
Mid- to upper-Silurian samples 10GD58 and 10GD60 are two pale-yellow, 
fine-grained sandstones from the Yulin section (Figure 5.2). Two hundred U–Pb spots 
were analyzed on 200 zircon grains, all of which are concordant (Figure 5.4d-e). The 
concordant ages range from 440 Ma to 3730 Ma, but the majority fall in clusters of 
610–430 Ma and 1100–800 Ma (Figure 5.7). The three youngest grains in sample 
10GD58 give a weighted mean 206Pb/238U age of 512 ± 8 Ma, and the youngest grain 
in sample 10GD60 gives a 206Pb/238U age of 446 ± 7 Ma. 
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Figure  5.4.  LA‐ICP‐MS  zircon U–Pb  Concordia  age  diagrams  of Ordovician–Silurian  clastic 
samples from the Yulin section (a‐e), and SHRIMP zircon U–Pb Concordia age diagram of an 
Ordovician clastic sample from the Dongkou section (f).   
5.4.1.2 Ordovician–Silurian samples in group 3 
Mid- to upper-Ordovician sample 10GD83-1 is a pale-green siltstone from the 
Dongkou section (Figure 5.2). Sixty-five U–Pb spots were analyzed on 65 zircon 
grains, of which 59 analyses are concordant. The concordant ages range from 450 
Ma to 3035 Ma, and form two clusters of 650–500 Ma and 1000–850 Ma in similar 
probabilities (Figure 5.4f). The youngest grain gives a 206Pb/238U age of 446 ± 7 Ma, 
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and the oldest grain yields an age of 3.0 Ga. 
Lower-Silurian sample 10GD84 is a pale-green sandstone from the Dongkou section 
(Figure 5.2). One hundred U–Pb spots were analyzed on 100 zircon grains, of which 
99 analyses are concordant. The concordant ages range from 430 Ma to 3560 Ma, 
and form two clusters of 850–750 Ma and 1100–960 Ma in similar probabilities 
(Figure 5.5a). The two youngest grains give a weighted mean 206Pb/238U age of 436 ± 
6 Ma, and two oldest grains yield an average age of 3.5 Ga (Figure 5.5a). 
Mid- to upper-Silurian sample 10GD85 is a pale-green sandstone from the Dongkou 
section (Figure 5.2). One hundred U–Pb spots were analyzed on 100 zircon grains, 
all of which are concordant. The concordant ages range from 430 Ma to 3180 Ma, 
and form a broad population of 1200–850 Ma (Figure 5.5b). The youngest grain 
gives a 206Pb/238U age of 431 ± 6 Ma, and two oldest grains yield an average age of 
3.0 Ga (Figure 5.5b). 
5.4.1.3 Silurian samples in group 4 
Mid-Silurian sample 10GD88 is a grey quartz sandstone from the Zhangjiajie section 
(Figure 5.2). One hundred U–Pb spots were analysed on 100 zircon grains, of which 
98 analyses are concordant. The concordant ages range from 520 Ma to 2840 Ma, 
with a large population of 1100–900 Ma (Figure 5.5c). The youngest grain gives a 
206Pb/238U age of 517 ± 8 Ma, and two oldest concordant grains yield an average age 
of 2.8 Ga. 
Upper-Silurian sample 10GD87 is a pale-green quartz sandstone from the Zhangjiajie 
section (Figure 5.2). One hundred U–Pb spots were analyzed on 100 zircon grains, of 
which 96 analyses are concordant. The concordant ages range from 515 Ma to 3200 
Ma, and form clusters of 700–500 Ma, 850–720 Ma, 1100–900 Ma, 1850–1600 Ma 
and 2600–2450 Ma (Figure 5.5d). The two youngest grains give a weighted mean 
206Pb/238U age of 520 ± 7 Ma, and four oldest grains yield an average age of 3.1–3.0 
Ga (Figure 5.5d). 





5.4.2 Zircon Lu–Hf isotopes 
5.4.2.1 Cambrian sample in subgroup 2-3  
In situ Hf isotopic analyses were conducted on a total of 119 dated detrital zircons 
from the upper-Cambrian sample (10GD37) of the Yulin section. The zircons yielded 
variable 176Hf/177Hf ratios (0.280763–0.282476) and εHf(t) values (–40 to +22). Apart 
from two zircons with ages of 2.27 Ga and 2.45 Ga, all others plot below the new 
continental crust line (Figure 5.6a).  








5.4.2.2 Ordovician samples in subgroup 2-3  
Five Ordovician samples (10GD42-1, 10GD41, 10GD38-1, 10GD54 and 10GD51) 
from the Yulin section were selected for Hf isotopic analyses, and a total of 516 
detrital zircons with concordant U–Pb ages were analysed. The zircons yielded 
variable 176Hf/177Hf ratios (0.280433–0.282607) and εHf(t) values (–45 to +21) 
(Figure 6b). Five zircons with ages of 2.9–1.7 Ga plot above the depleted mantle line, 
and eight zircons with ages of 2.9–1.0 Ga plot between the depleted mantle and new 
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continental crust lines. The remaining 503 zircons plot below the new continental 
crust line, with 74% of them yielding negative εHf(t) values (Figure 6b). 
5.4.2.3 Silurian samples in subgroup 2-3  
Hf isotopic analyses were carried out on a total of 300 detrital zircons in three 
Silurian samples (10GD56, 10GD58 and 10GD60) from the Yulin section. Zircons 
giving the predominant Silurian ages (~435 Ma) in sample 10GD56 exhibit negative 
εHf(t) values (–31 to –2) and Hf model ages of 1.14–2.26 Ga with a dominant model 
age of 1.33 Ga (Figure 6c). Zircons with pre-Silurian ages in this sample, together 
with 200 analyses of the other two samples, yielded variable 176Hf/177Hf ratios 
(0.280153 – 0.282542) and εHf(t) values (–35 to +29). All analyses are plotted below 
the depleted mantle line, except for one with an age of 2.5 Ga (Figure 6c). 
5.5 Discussions 
5.5.1 Sources of Cambrian–Silurian sediments in the southern part of the early 
Nanhua foreland basin 
Samples from the Nanning–Yulin region (subgroup 2-3) cover the entire 
Cambrian–Silurian strata in the southern part of the early Nanhua foreland basin 
(Figure 5.2). Except for the tuffaceous sample (10GD56), all other 14 samples share 
similar zircon age spectra, ranging from Archean to Palaeozoic (Figure 5.7). These 
samples commonly consist of a prominent 1100–900 Ma population, a subordinate 
650–490 Ma population, a moderate 850–700 Ma population, and minor 2500 Ma 
and 2000–1300 Ma populations. The major populations of 1100–900 Ma and 
650–490 Ma indicate that the source region probably underwent Grenvillian and 
Pan-African orogenesis, and the moderate 850–700 Ma population implies that it 
possibly experienced Cryogenian magmatism during the Rodinia break-up. The 
minor age peaks of 2500 Ma and 2000–1300 Ma are indicative of possible Archean 
basement and Palaeo- to Mesoproterozoic magmatism in the source area(s) (Figure 
5.7). We performed the Kolmogorov–Smirnov (K–S) test to determine whether these 
14 samples shared a same provenance. A probabilities (p values) > 0.05 indicate the 
provenance of paired samples cannot be distinguished at a 95% confidence level 
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(Press et al., 1986; Berry et al., 2001). The results show that a majority of p values 
are greater than 0.05, with an average value of 0.468 (Table 5.2), indicating that most 
Cambrian–Silurian samples likely had a common provenance. The lower Ordovician 
sample 10GD41 yields only two out of fourteen p values larger than 0.05 when 
pairing with others, probably due to its larger percentage of younger grains (Figure 
5.7).   
Common provenance for the Cambrian–Silurian samples indicates that these detritus 
were likely transported continuously from a same source region. Alternatively, 
younger sediments may have involved recycled detritus from local older sediments. 
The following evidence suggest that Ordovician–Silurian sediments were probably at 
least partly derived from recycled detritus of local Ediacaran–Cambrian strata. (1) 
The early Palaeozoic palaeogeography suggests that the southeastern South China 
started to uplift from the early Ordovician (Figure 5.8d), and the uplift spread to 
much of the Cathaysia Block by the Silurian (Figure 5.8e-f) (Liu and Xu, 1994, Liu 
et al., 1995); (2) Conglomeratic units in both the lower Ordovician and Silurian strata 
in the Yulin section (Figure 5.2) indicate a proximal detrital source within the 
Cathaysia Block (Yao et al., 2014b); (3) Northwest-directed palaeocurrent directions 
in the Yulin Ordovician strata indicate that detritus were probably transported from 
the southeast (BGMRGX, 1985; Liu and Xu, 1994; Yao et al., 2014b); (4) zircon 
U–Pb age patterns of Ordovician–Silurian samples mimic that of the 
Ediacaran–Cambrian samples (Figures 5.7 and 5.8). 
According to the provenance, tectono-magmatic and metamorphism analysis, detritus 
for the Ediacaran–Cambrian sandstones in western Cathaysia likely derived from 
northern Indian margin and possible East African orogen – an external source outside 
the SCB (Yao et al., 2014a). Such a speculated external source is also supported by 
(1) mismatches between zircon age patterns of the Ediacaran–Cambrian samples and 
zircon age constitutes of Cathaysian basement rocks (Figure 5.8a-c) (e.g., Li, 1997; 
Wan et al., 2007; Yu et al., 2009; Li et al., 2002, 2008a, 2010a), and (2) South China 
in a marine setting during the Cambrian (Liu and Xu, 1994; Liu et al., 1995) which 
prohibits local detrital denudation but demands external clastic sources (Yao et al., 
2014a). 
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Zircon Hf isotopes from Cambrian samples of the Nanning–Yulin region indicate 
that the source region(s) likely underwent two major episodes of crustal reworking at 
850–700 Ma and 650–490 Ma and three episodes of juvenile crustal growth at 2.5 Ga, 
1.4 Ga and 1.0 Ga (Figure 5.6a). Ca. 2.5 Ga tectono-magmatic events are reported in 
northwestern India (Wiedenbeck et al., 1996), 1.6–1.4 Ga events in the Eastern Ghats 
Belt of eastern India (e.g., Mezger and Cosca, 1999; Simmat and Raith, 2008), 
1.1–1.0 Ga, 880–820 Ma and 550–470 Ma in northern India (e.g., Schärer et al.,1986; 
Brookfield, 1993; Miller et al., 2001; Singh et al., 2002; Cawood et al., 2007; Liu et 
al., 2007; Cottle et al., 2009), and 680–500 Ma in the East African Orogen that was 
connect to northwestern India and supplied detritus during the assembly of 
Gondwanaland (e.g., Stern, 1994; Myrow et al., 2010 and references therein). All 
these regions likely contributed to the Cambrian sediments in the SCB. Although ca. 
1.4 Ga magmatic rocks have been documented in Cathaysia (Li et al., 2002, 2008c), 
it is unlikely that Cathaysia was a detrital source for the Cambrian sediments since 
almost the entire Cathaysia Block was under seawater with no sure exposure at this 
time (Liu and Xu, 1994; Liu et al., 1995; Yao et al., 2014a). Hf isotopic data from the 
Yulin Ordovician samples suggest an additional episode of crustal growth at 1.8 Ga 
in the source region(s) (Figure 5.6b), indicating locally uplifted ca. 1.89–1.77 Ga 
Cathaysian basement rocks since the Ordovician (Figure 5.8d–g) (Li, 1997; Wan et 
al., 2007; Yu et al., 2009; Li et al., 2010a). Hf isotopic data for the Yulin Silurian 
samples show three episodes of juvenile crustal input at 2.5 Ga, 1.8 Ga (a small peak) 
and 1.0 Ga (Figure 5.6c). It indicates that Silurian sediments contained both recycled 
Cambrian–Ordovician rocks and old basement rocks during the Wuyi–Yunkai 
orogeny. The tuffaceous sandstone (10GD56), with an age (ca. 435 Ma) consistent 
with the Silurian basalts (Yao et al., 2012), likely represents a late-orogenic volcanic 
event during the Wuyi–Yunkai orogeny. 
In summary, Cambrian sandstones in the southern part of the early Nanhua foreland 
basin were likely transported from northern India and adjacent continents during the 
assembly of Gondwanaland (Yao et al., 2014a). Ordovician sandstones probably 
contain both detritus recycled from local Cambrian strata and Cathaysian basement 
rocks uplifted during the early Wuyi-Yunkai orogeny. Silurian sandstones were 
mixed products of recycled Cambrian–Ordovician sediments, Cathaysian basement 
rocks and syn- to late-orogenic magmatic rocks. 
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5.5.2 Source variations of Ediacaran–Silurian sediments across the Nanhua 
foreland basin in time and space 
The four sample groups cover seven time intervals from Ediacaran to Silurian and 
four different geological locations in the Nanhua foreland basin (Figure 5.8a–g). For 
each time interval, K–S test was conducted on pairs of samples within the same 
group, and the results indicate that samples within each group were homogeneous in 
provenance (tables not shown). Further K–S tests applied on pairs of sample groups 
suggest that, regardless time intervals and locations, most sample groups likely 
shared a common provenance (Appendix C3). 
The Ediacaran–Cambrian sample groups, from both inside and outside of the 
Wuyi–Yunkai orogenic core, generally have a prominent population of 1100–900 Ma, 
subordinate populations of 850–700 Ma and 650–500 Ma, and minor populations of 
ca. 2500 Ma and 2000–1300 Ma in detrital zircon age patterns (Figure 5.8a-c). They 
share similar zircon U–Pb age populations and Hf isotopes with the Cambrian 
samples of subgroup 2-3 (section 5.5.1; Figures 5.6a and 5.7), indicating a common 
source supplying sediments across the southern side of the Nanhua Basin during the 
Ediacaran–Cambrian (e.g., Yao et al., 2014a). Because no area was subaerially 
exposed for the entire South China during the Ediacaran–Cambrian (Figure 5.8a–c; 
Wang, 1985; Liu and Xu, 1994), and the age spectra of Ediacaran–Cambrian samples 
do not match that of the Cathaysian crystalline basement (see section 5.5.1), an 
external detrital source is therefore demanded for clastic deposition over the 
Cathaysia Block. On the other hand, the age spectra grossly match that of 
similar-aged rocks in northern India (e.g., Schärer et al.,1986; Brookfield, 1993; 
Stern, 1994; Wiedenbeck et al., 1996; Mezger and Cosca, 1999; Miller et al., 2001; 
Singh et al., 2002; Cawood et al., 2007; Liu et al., 2007; Simmat and Raith, 2008; 
Cottle et al., 2009). We therefore interpret that the Cathaysia side of the Nanhua 
Basin probably shared a similar clastic source region with basins in northern India, 
including input from elevated northern Indian crystalline rocks (Yu et al., 2008; Xu 
et al., 2014; Yao et al., 2014a). 
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Figure  5.8.  Palaeogeographic maps  of  South  China  in  seven  time  intervals  (revised  after 
Wang, 1985;  Liu and Xu, 1994) and  relative probability plots of detrital  zircon U–Pb ages 
from  corresponding  strata  from  the  four  sample  groups:  (a)  –  latest  Neoproterozoic 
(Ediacaran); (b) – early Cambrian; (c) – middle to late Cambrian; (d) – early Ordovician; (e) – 
middle  to  late Ordovician;  (f) – early Silurian;  (g) – middle  to  late Silurian. U–Pb ages are 
within  90–110%  concordance,  and N  =  number  of  samples,  n  =  numbers  of  concordant 
analyses.  A  compilation  plot  of  age  constitutes  from  Cathaysia  basement  rocks  and 
pre‐Devonian magmatic events  is presented  for provenance comparison, and  the data are 
referred  from  Li,  1997, Wan  et  al.  (2007),  Li  et  al.  (2002,  2003b,  2008a,  2008b,  2008c, 
2010a), Liu et al. (2009), Yu et al., (2009), Wang et al. (2006, 2007a, 2007b; 2011), and Yao 
et al. (2012). 




Most of the Ordovician–Silurian sample groups across the Nanhua basin generally 
mimic zircon age patterns of the Ediacaran–Cambrian groups, showing a prominent 
population of 1100–900 Ma (Figure 5.8d–g). This indicates that the overall detrital 
composition did not change too much throughout the basin history from the 
Ediacaran to Silurian, which could be interpreted as either a continued sedimentary 
transport from northern India to the Nanhua Basin, or extensive local sedimentary 
reworking and redeposition within South China. As the Wuyi–Yunkai orogeny 
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started since the early Ordovician, uplift initially occurred along the southeast coastal 
region (present-day coordinates; Figure 5.8d) and gradually expanded to the 
northwest to cover almost the entire Cathaysia Block by the Silurian (Figure 5.8f) 
(e.g., Wang, 1985; Liu and Xu, 1994; Liu et al., 1995; Li et al., 2010a; Wang et al., 
2010). Therefore, we infer that the Ordovician–Silurian sediments across the basin 
were probably mostly recycled from uplifted Ediacaran–Cambrian strata in the 
Wuyi–Yunkai orogen, with some input from uplifted Cathaysian basement as 
indicated by provenance analysis above (section 5.5.1). This interpretation is 
supported by (1) similar zircon Hf isotope signatures of Cambrian–Silurian samples 
across the basin (Figure 5.6); and (2) the addition of minor age populations of 1700 
Ma and 1400 Ma in the Silurian samples, interpreted as possible contributions from 
exposed Cathaysian basement and/or recycled Indian basement (Figure 5.8f–g). 
Silurian samples also commonly have a new 435 Ma population (Figure 5.8f–g), 
which is likely contributed from ca. 435 Ma volcanic activities (Yao et al., 2012) 
and/or exposed ca. 440–400 Ma granitic rocks in the region (e.g., Wang et al., 1998, 
2007b; Xu et al., 2005; Chen et al., 2008; Li et al., 2010a; Yao et al., 2012). The ca. 
435 Ma volcanic activities are also recorded by the Yulin tuffaceous sandstone 
(Figure 5.8f). 
Different from the main 1100–900 Ma population in most samples, the 
upper-Ordovician to Silurian samples from northeastern Yangtze (subgroup 2-1) 
show a distinct ~800 Ma dominant peak (Figure 5.8e–g) (Xu et al., 2012; Li et al., 
2013b), which may indicate a local variation in detrital source. We speculate that 
sediments in this region were mainly contributed from local middle-Neoproterozoic 
rift-related magmatism (860–750 Ma), which were uplifted during the Wuyi–Yunkai 
orogeny (e.g., Li, 1998; Wang and Li, 2003; Li et al., 2008a, 2008b). Such an 
interpretation is consistent with the observation that (1) alluvial conglomeratic 
lithofacies along the Jiangshan–Shaoxing Fault (Figure 5.8f–g), impling a proximal 
source region (e.g., BGMRZJ, 1989; Liu and Xu, 1994; Liu et al., 1995); and (2) 
widespread middle-Neoproterozoic volcanic and volcanoclastic rocks in northeastern 
Yangtze (e.g., Li et al., 2003, 2008b, 2008d, 2010c). There is also a possibility that 
the Ediacaran–Cambrian clastic strata became thinner toward northeastern Cathaysia, 
thus providing less clastic cover rocks for recycling during the orogenic advance, but 
this could not be easily verified due to more intense deformation and metamorphism 
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of Ediacaran–Cambrian strata toward northeastern Cathaysia.  
 
Figure 5.8. (continued‐2) 
5.5.3. An Ediacaran–Cambrian collisional orogeny and an Ordovician–Silurian 
intraplate orogeny (Wuyi–Yunkai) that affected the SCB 
The Nanhua foreland basin was active during the Ediacaran–Silurian, recording a 
general northwestward migration of depocentres (Yao et al., 2014b) and changes in 
sedimentary environment, from a marine setting in the Ediacaran–Cambrian to a 
largely subaerial, deltaic-fluvial setting in the Ordovician–Silurian (Figure 5.8a–g) 
(Liu and Xu, 1994; Liu et al., 1995; Li et al., 2010a; Wang et al., 2010; Yao et al., 
2014b). By the late Silurian, the southeastern South China was largely uplifted with 
only a limited area left as depositional accommodation in the southwest (Figure 
5.8g).  
The Wuyi–Yunkai orogeny resulted in an angular unconformity in South China, and 
the unconformity surface overlies progressively younger strata from south to north 
across the SCB (Xu et al., 2012 and reference therein). Unconformably underlying 
the Devonian basal conglomerates are Ediacanran–Cambrian strata in southern 
Cathaysia, Ordovician strata in central Cathaysia and southeastern Yangtze, and 
Silurian strata in central and northeastern Yangtze (BGMRJX, 1984; BGMRGX, 
1985; BGMRGD, 1988; BGMRHN, 1988; BGMRHN, 1989). Infilling of the 
Nanhua foreland basin was previously considered to correspond with the timing of 
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the Wuyi–Yunkai orogeny, which started since at least the middle Ordovician (>460 
Ma, Li et al., 2010a). However, tectonostratigraphic and provenance analyses across 
the basin suggest that it started to receive sediments shed off young orogen outboard 
the SCB as early as the Ediacaran (Yao et al., 2014b). Provenance analyses further 
reveal that Ordovician–Silurian sediments in the basin share a similar detrital 
provenance with the Ediacaran–Cambrian sediments, but with additional input from 
crystalline rocks in the emerging local Wuyi–Yunkai orogen. Therefore, provenance 
history of the Nanhua Basin after its pre-600 Ma failed rift stage can be divided into 
two stages: the Ediacaran–Cambrian foreland sedimentation sourced from distal 
orogens outside the SCB (Yao et al., 2014a), and the Ordovician–Silurian foreland 
sedimentation sourced from the emerging Wuyi–Yunkai orogen from the Cathaysia 
Block, involving extensive recycling of older sediments as well as eroded local 
crystalline rocks. Yao et al. (2014a) interpreted the first stage of foreland deposition 
with sediments shed from northern India and adjacent orogens during the Gondwana 
assembly, and deposited on the Cathaysia side of the Nanhua Basin when South 
China started its diachronous collision with northern India. This convergence 
between India (as a part of just assembled Gondwanaland) and the SCB was 
probably close to completion by early Ordovician time, when the far-field stress from 
this collisional event was transmitted to the SCB interior, causing the intraplate 
Wuyi–Yunkai orogeny, the second stage of foreland deposition in the Nanhua Basin, 
and the gradual closure of the basin during the Ordovician–Silurian. 
5.6 Conclusions 
We reported here new detrital zircon U–Pb ages and Hf isotopes from 
Cambrian–Silurian sandstone samples across the Nanhua foreland basin, South 
China. Combined with previously results, we established a temporal–spatial 
framework of provenance evolution for the Nanhua foreland basin. We further 
discussed the relationships between orogenic events in and adjacent the SCB during 
the assembly of Gondwanaland, and two stages of foreland deposition in the Nanhua 
Basin. Our main findings are the followings: 
(1) Detrital zircon U–Pb patterns of Ediacaran–Silurian sandstones in the Nanhua 
Basin consist of a prominent population of 1100–900 Ma, subordinate populations of 
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850–700 Ma and 650–500 Ma, and minor populations at 2500 Ma and 2000–1300 
Ma. Zircon Hf isotopes reveal four episodes of juvenile crustal growth at 2.5 Ga, 1.8 
Ga, 1.4 Ga and 1.0 Ga for the source regions. 
(2) Sedimentary provenance data of the Ediacaran–Cambrian strata in the Nanhua 
Basin does not match that of basement rocks for the Cathaysia Block; instead, they 
show close affinities to same-aged sedimentary rocks in northern India and basement 
rocks there. The Ordovician–Silurian sediments were likely sourced from both 
locally recycled Ediacaran–Cambrian sedimentary rocks and uplifted Cathaysia 
basement during the intraplate Wuyi–Yunkai orogeny. Silurian magmatic rocks 
during the late Wuyi–Yunkai orogeny also provided detritus to the Silurian strata. 
(3) Upper-Ordovician to Silurian sandstones in northeastern Yagntze had more 
contributions from local rift-related magmatic materials rather than recycled 
Ediacaran–Cambrian sediments.  
(4) The Nanhua Basin changed from a middle-Neoproterozoic rift basin to a failed 
rift in the late-Neoproterozoic. It started to receive foreland deposition from the 
Ediacaran. The provenance history of this foreland basin can be divided into two 
stages. During the first stage (Ediacaran–Cambrian), the clastic sediments shed off 
from northern India and surrounded young orogens to primarily the Cathaysia side of 
the Nanhua Basin. This stage was linked to a speculated diachronous collision 
between the SCB and northern India during the Gondwana assembly. The second 
stage (Ordovician–Silurian) involved deposition of recycled sedimentary cover, as 
well as eroded basement rocks, from the expanding Wuyi–Yunkai orogen in the 
Cathaysia Block towards the Yangtze Block. This latter orogeny is interpreted to be 
an intraplate event due to far-field stress from the aforementioned collision. 
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Abstract 
We use detrital provenance data from Cambrian sandstones to examine whether 
the Yangtze and Cathaysia blocks in South China were separated by an ocean 
during the Cambrian period. Zircons from Cambrian sandstones exhibit a 
dominant ~800 Ma age peak in central Yangtze, being sourced from western 
Yangtze; whereas a ~980 Ma peak dominates in the northwestern Cathaysia 
Block, being sourced from an exotic continent once connected to Cathaysia. A 
mixed provenance with both age peaks is found in Cambrian sandstones from 
southeastern Yangtze Blcok, indicating that detritus can travel from the 
Cathaysia Block to the Yangtze Block, and therefore arguing against the 
existence of a broad Cambrian ocean. 
Keywords: South China, Cambrian ocean, detrital provenance, U–Pb geochronology 
6.1 Introduction 
The South China Block comprises the Yangtze Block in the northwest and the 
Cathaysia Block in the southeast (Figure 6.1a). The Ordovician–Silurian 
Wuyi–Yunkai orogeny caused deformation and metamorphism over much of the 
southeastern South China, and the development of a foreland basin in northwestern 
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Cathaysia Block and southern Yangtze Block (Li et al. 2010). However, the 
pre-Wuyi–Yunkai configuration of South China and the nature of the orogeny remain 
controversial. Some suggested that an ocean existed between the Yangtze and 
Cathaysia blocks for at least the latest Neoproterozoic to Cambrian period (Shui, 
1988; Liu & Xu, 1994) or even until the Jurassic (Hsü et al. 1988, 1990) before the 
two blocks joined together. The Mesozoic ocean model did not receive much support 
because the key evidence for the so-called 'Mesozoic Banxi mélange' was later 
proven to be Neoproterozoic in age and with different tectonic affinities (e.g. Zhou, 
1989; Li et al. 1994; Li, Z.X. et al. 2003). The Cambrian ocean model (Shui, 1988; 
Liu & Xu, 1994) suggests that the Yangtze and Cathaysia blocks first docked at their 
eastern ends during the early to middle Neoproterozoic period, with a V-shaped 
ocean widening to the west (as wide as ~2000 km) until the Cambrian period. This 
residual ocean closed during the Ordovician–Silurian period, leading to the formation 
of a coherent South China Block. Such a collision was taken as the cause for the 
Ordovician–Silurian 'Caledonian orogeny' in South China (Huang et al. 1980; Yang 
et al. 1986; Ren, 1991), which was renamed the Wuyi–Yunkai orogeny with a 
redefined age range of >460 – 415 Ma (Li et al. 2010). The boundary between the 
two blocks was consequently considered as a suture zone due to the closure of the 
Cambrian ocean (e.g. Xu & Qiao, 1989; Liu & Xu, 1994; Xu, Xu & Pan, 1996; Chen 
et al. 2006).  
Alternatively, it has been argued that the complete amalgamation between the 
Yangtze and Cathaysia blocks had already finished by the Neoproterozoic period (e.g. 
Li, Zhang & Powell, 1995; Charvet et al. 1996; Zhao et al. 1999; Zhou et al. 2002; 
Li et al. 2008, 2009), and the Wuyi–Yunkai orogeny was an intraplate orogeny 
related to South China’s collision with Gondwanaland which closed a 
Neoproterozoic failed continental rift (Li, 1998; Li & Powell, 2001). In such a model, 
no ocean floor is required for the basin (the Nanhua Basin) between the Yangtze and 
Cathaysia blocks. The intraplate model was also supported by other researchers, 
based on magmatic and metamorphic analyses of lower Palaeozoic rocks (Li et al. 
2010), provenance analyses of Cambrian–Silurian sandstones (Wang et al. 2010), 
and structural analyses of lower Palaeozoic strata in the region (e.g. Faure et al. 2009; 
Charvet et al. 2010; Shu et al. 2014). However, the provenance analyses by Wang et 
al. (2010) combined data from Cambrian–Silurian sandstones together, thus mixing 
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the Cambrian provenance data with that of the Ordovician–Silurian sandstones 
formed during the Yangtze-ward propagation of the intraplate Wuyi–Yunkai orogeny 
from the Cathaysia Block. As syn-orogenic foreland basin sedimentary rocks on the 
Yangtze Block would naturally contain detritus shed off the growing orogen on the 
Cathaysia Block, we do not regard the Wang et al. (2010)'s provenance analyses as a 
vigorous-enough test for the Cambrian ocean model. 
Here we use a provenance study of Cambrian sedimentary rocks to test whether or 
not a Cambrian ocean was present. If the ocean existed, the provenances of Cambrian 
sandstones from the Yangtze and Cathaysia sides of the Nanhua Basin will likely be 
different. Otherwise, detrital exchanges between the two blocks are expected. We 
report new detrital zircon U–Pb geochronological data for four Cambrian sandstone 
samples from the Yangtze side (two from central Yangtze and two from southeastern 
Yangtze) of the Nanhua Basin, and compare them with published U–Pb results from 
both northwestern Cathaysia and southeastern Yangtze to argue against the Cambrian 
ocean model in South China. 
6.2 Geological Setting and Sampling 
The boundary between the Yangtze and Cathaysia blocks lies approximately along 
the Jiangshan–Shaoxing Fault in the NE South China Block (Figure 6.1a). The 
southwestern extension of the boundary is unclear due to poor exposure and tectonic 
modifications (Ren, 1991; Li et al. 2010), but has been defined using the mostly 
disconnected lithofacies boundaries between Cathaysia clastics facies and Yangtze 
clastic–carbonate facies (Figure 6.2a, b) (Liu & Xu, 1994). This boundary was also 
taken as a suture zone of the Cambrian ocean by Liu & Xu (1994) and Chen et al. 
(2006). During the Cambrian period, sedimentation over the Yangtze Block was 
dominated by carbonate, muddy carbonate and sandy carbonate, with some 
clastic–carbonate intercalations in the lower Cambrian (Figure 6.2a) (e.g. 
RGMRHN-a, 1975; RGMRHN-b, 1972; BGMRHN, 1988; Liu & Xu, 1994). In 
contrast, the Cathaysia Block received massive clastic sedimentation, consisting of 
shale, siltstone, arkosic sandstone, quartz sandstone and pebbly sandstone (Figure 
6.2a, b) (e.g. BGMRJX, 1984; BGMRGD, 1988; Zhang & He, 1993; Liu & Xu, 1994; 
Yao et al. 2014).  
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Three sampling localities across the Yangtze–Cathaysia boundary were selected, 
including central Yangtze (Xinhuang), southeastern Yangtze (Xinning) and 
northwestern Cathaysia (Shaoguan) (Figure 6.1b). The Xinhuang section consists of 
~ 1400 m of Cambrian strata, with massive carbonate–shale units and minor 
fine-grained sandstone layers in the lower-Cambrian strata (Figure 6.2c) 
(RGMRHN-b, 1972). The Xinning section has ~ 1800 m of Cambrian strata, 
including 680 m of clastic strata. It consists of shale, siliceous shale and minor 
carbonate in the lower-Cambrian strata, shale and sandstone intercalations in the 
middle Cambrian strata, and carbonate with minor shale in the upper Cambrian strata 
(Figure 6.2d) (RGMRHN-a, 1975). The Shaoguan section has ~ 3800 m of Cambrian 
strata, with thick siltstone, feldspathic quartz sandstone, pebbly sandstone, and thin 
grey-purple mudstone beds (Figure 6.2e) (Zhang & He, 1993).  
   
Figure 6.1.  (a) Distribution of Cambrian  strata  in  the  South China Block, highlighting  the 
inferred boundary between the Yangtze and Cathaysia blocks. JSF = the Jiaoshan–Shaoxing 
Fault.  (b)  Geological map  of  central  South  China,  highlighting  three  Cambrian  sampling 
regions  from central Yangtze,  southeastern Yangtze and northern Cathaysia. Red  stars are 
samples from this study, and white stars are samples reported in previous studies. 
A grey medium-grained quartz sandstone sample (12GH38) and a grey-white 
fine-grained sandstone sample (12GH39) were collected from the lower Cambrian 
strata at the Xinhuang section (Figure 6.2c), whereas a dark green medium-grained 
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sandstone sample (10GD77) and a grey fine-grained sandstone sample (10GD78) 
were collected from the middle Cambrian strata at the Xinning section (Figure 6.2d). 
Results of two sandstone samples (Hu-64, Hu-68) from the middle- to 
upper-Cambrian strata of the Xinning region (Figure 6.2d), three sandstone samples 
(10GD16, 10GD17, 10GD19) from the middle to upper Cambrian strata and one 
sandstone sample (Hu-37) from the lower Cambrian strata of the Shaoguan region 
(Figure 6.2e), were reported in previous studies (Wang et al. 2010; Yao et al. 2014) 
and used here for comparison. 
6.3 Analytical Methods 
Mineral separation of sandstone samples was conducted at the Institute of Hebei 
Regional Geology and Mineral Survey in Langfang, China. Conventional magnetic 
and density techniques were adopted to concentrate non-magnetic and heavy 
fractions. Zircon grains, together with zircon standards, were cast in epoxy mounts 
and polished to reveal half sections for analysis. All zircons were documented with 
transmitted and reflected light microphotos as well as cathodoluminescence (CL) 
images to reveal their internal structures. Zircon U–Pb analyses were carried out in 
the John de Laeter Centre at Curtin University, Australia, using the Sensitive High 
Resolution Ion MicroProbe (SHRIMP) facility. Standard operation conditions of 2 
nA O2
– primary beam and spot size of ~25 μm in diameter and ~2 μm in depth were 
followed and each U–Th–Pb measurement consisted of six cycles. U abundance was 
calibrated using zircon standard BR266 (Stern, 2001), and 206Pb/238U ratio was 
constrained by the Plešovice zircon (Sláma et al. 2008). The detailed analytical 
procedure follows that of Williams (1998). Data reduction was carried out using 
Squid v2.50 (Ludwig, 2001a) and Isoplot/Ex v2.49 (Ludwig, 2001b) packages. 
Zircon U–Pb data and Concordia plots are shown in Appendix D1. 
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Figure 6.2. (a)–(b) Palaeogeographic maps of the South China Block (revised after Liu & Xu, 
1994):  (a)  early  Cambrian,  (b) middle  to  late  Cambrian.  (c)–(e)  Stratigraphic  columns  of 





6.4 Analytical Results 
Samples 12GH38 and 12GH39 from central Yangtze (the Xinhuang section) are 
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similar in U–Pb age patterns. Of the total 161 analyses, 145 are concordant (with 
concordance of 90–110%), ranging in age from 3050 ± 12 to 480 ± 10 Ma. Both 
samples yield a prominent age peak at 850–750 Ma and a moderate age peak at 
530–500 Ma, with a few scattered Proterozoic ages (Figure 6.3a). Samples 10GD77 
and 10GD78 from southeastern Yangtze (the Xinning section) are quite consistent in 
their U–Pb age patterns. Of the total 133 analyses, 132 are concordant, ranging from 
3576 ± 11 to 509 ± 6 Ma. Both samples yield prominent age peaks at 1100–900 Ma 
and 530–500 Ma, and present a moderate age peak at 2500 Ma with a few scattered 
Proterozoic ages (Figure 6.3b). The detrital zircons of all four samples exhibit large 
compositional variations of Th and U, and most zircons (84 %) have Th/U > 0.3; 
only 8 grains (3%) have Th/U < 0.1 (Appendix D1). Th/U ratios and zoning 
structures of zircons suggest that most detrital zircons are probably of magmatic 
origin.  
6.5 Discussion 
6.5.1 Cambrian sediment dispersal across South China 
Geochronological results show that lower Cambrian sandstones from central Yangtze 
(Xinhuang) have a prominent age peak at ~790 Ma and a subordinate peak at ~530 
Ma (Figure 6.3a), whereas Cambrian sandstones from northwestern Cathaysia 
(Shaoguan) have a different prominent peak at ~960–910 Ma and a subordinate peak 
at ~530 Ma, with minor peaks at ~800 Ma and ~2500 Ma (Figure 6.3d–e) (Wang et 
al. 2010; Yao et al. 2014). This indicates that the Yangtze and Cathaysia blocks likely 
had different provenances during the Cambrian period. Statistical analysis (K–S test) 
(Kolmogorov, 1933; Smirnov, 1944) was conducted on samples from central Yangtze 
and northwestern Cathaysia, and the results (Appendix D2) also indicate that these 
two groups of samples had different provenances. 
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Figure  6.3.  Plots  of  zircon  U–Pb  age  histogram  and  relative  probability  of  Cambrian 
sandstone samples from (a) Xinhuang (this study), (b) Xinning (this study), (c) Xinning (Wang 
et al. 2010),  (d) Shaoguan  (Yao et al. 2014), and  (e) Shaoguan  (Wang et al. 2010). Plotted 
ages are within concordance of 90–110% for analysed zircons. N = number of samples, n = 
number of concordant analyses/number of total analyses. 
The palaeogeography of South China shows that, during the early Cambrian period, 
the Yangtze Block was dominantly a marine carbonate platform, consisting of 
intercalated clastic and carbonate sediments, with water deepening to the southeast 
(Figure 6.2a). During the middle to late Cambrian period, it received carbonate and 
muddy carbonate deposition (Figure 6.2b) (Liu & Xu, 1994). Since Cryogenian 
volcanic, volcanoclastic and intrusive rocks (860–750 Ma) are widespread in western 
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Yangtze Neoproterozoic rift basins (e.g. Zhou et al. 2002, 2006; Li, X.H. et al. 2003; 
Li, Z.X. et al. 2003; Li, X. et al. 2003; Wang & Li, 2003), we speculate that these c. 
860–750 Ma rocks in western Yangtze were probably uplifted during the early 
Cambrian period and provided detritus to the Cambrian sandstones of central 
Yangtze Block (Figure 6.4a, b). The Cathaysia Block, on the other hand, received 
deposits of intercalated marine sandstones and mudstones, possibly with no exposed 
land in the region during the Cambrian period (Figure 6.2a, b). Both the NW-directed 
palaeocurrents and northwestward-fining sediments in the Cambrian strata of 
Cathaysia and southeastern Yangtze indicate an external provenance outboard to 
southeastern Cathaysia (Wang et al. 2010; W.H. Yao & Z.X. Li, unpub. data, 2014). 
Yao et al. (2014) proposed that South China was probably once connected to the 
northern Indian part of Gondwanaland, along the southeastern margin of Cathaysia. 
The Grenvillian magmatic rocks (1100–950 Ma) (e.g. Liu et al. 2007; Cottle et al. 
2009), minor c. 880–820 Ma magmatic rocks and recycled 2500 Ma zircons in 
sedimentary rocks (e.g. Myrow et al. 2010) of northern India probably provided 
detritus to Cathaysia during the Cambrian (Figures 6.4b, 6.5).  
The common age peak at ~530 Ma in both central Yangtze and northwestern 
Cathaysia (Figure 6.3a, d, e) suggests that both source areas (western Yangtze and 
northern India?) were affected by an early Palaeozoic orogeny and produced ~530 
Ma magmatic rocks in the source region. The 530 Ma magmatic detritus was 
recorded in Cambrian sandstones not only from central Yangtze and northwestern 
Cathaysia, but also from southeastern Yangtze (Xinning) (Figure 6.3c). However, 
Cambrian sandstones in southeastern Yangtze exhibit mixed age patterns, with a 
major ~800 Ma peak in the middle to upper Cambrian sandstones (Figure 6.3b) and a 
major ~980 Ma peak in the middle Cambrian sandstones (Figure 6.3c). The ~800 Ma 
age peak is probably of the same origin as those in the lower Cambrian sandstones 
from central Yangtze (Figure 6.3a), i.e., from western Yangtze. However, the ~980 
Ma peak in southeastern Yangtze (Figure 6.3c) indicates that detritus was probably 
sourced from northern India, and transported across Cathaysia to southeastern 
Yangtze (Figure 6.4b; Figure 6.5). This interpretation is supported by the 
NW-directed palaeocurrents in the Xinning Cambrian strata (Wang et al. 2010).  
Sediment dispersal in South China can thus be summarized as the following. During 
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the early-Cambrian period, Cryogenian magmatic rocks in western Yangtze provided 
detritus to central Yangtze (Xinhuang). Northwestern Cathaysia (Shaoguan) received 
detritus from the southeast – an external source, possibly northern India, which likely 
hosted a Grenvillian-aged orogen (Figure 6.4b). In southeastern Yangtze (Xinning), 
on the lower slope of Yangtze platform compared to the Xinhuang region, mainly 
deep-water shale and siliceous shale were deposited during the early Cambrian 
period. During the middle to late Cambrian period, southeastern Yangtze probably 
received a major flux of detritus from a Grenvillian-aged orogen to the southeast, 
with a smaller portion of detritus from local western Yangtze sources (Figure 6.4b).              
     
Figure 6.4. Cartoons  illustrating possible paths of sediment transport during the Cambrian 
period for (a) the open ocean model and (b) the intracontinental model (revised after Liu & 
Xu,  1994).  Detrital  provenance  analyses  of  Cambrian  sandstones  support  the 
intracontinental model. 
6.5.2 Was there a Cambrian ocean in South China? 
In the Cambrian ocean model as proposed by Shui (1988) and Liu & Xu (1994), the 
Yangtze Block (central and southeastern Yangtze) should only have recorded detrital 
grains from western Yangtze (e.g. with a ~ 800 Ma peak) (Figure 6.3a, b) rather than 
showing a ~ 980 Ma age peak (Figure 6.3a). The fact that the southeastern Yangtze 
recorded a dominant Cathaysia-like provenance argues against the Cambrian ocean 
model. There are additional lines of evidence arguing against the ocean model, 
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including: (1) the absence of early Palaeozoic ophiolites or arc-like magmatic rocks 
related to ocean closure in the region (Chen et al. 1995; Li, 1998); (2) early 
Palaeozoic granites in South China that are largely sourced from remelting of old 
basement rocks with little input of juvenile mantle (e.g. Chen & Jahn, 1998; Zeng et 
al. 2008; Zhou, 2003; Li et al. 2010; Wang et al. 2011); (3) lower Palaeozoic 
sedimentary rocks in South China exhibit strongly negative εNd(t) values (e.g. Li & 
McCulloch, 1996; Chen & Jahn, 1998), which is inconsistent with being originated 
from a juvenile crust generated during an ocean closure in the early Palaeozoic 
period; and (4) sedimentary facies across the Cambrian Nanhua Basin are laterally 
coherent and vertically continuous and conformable (e.g. Liu & Xu, 1994), with no 
sign of convergent tectonics.  
Based on the palaeogeography of South China and mixed provenance of Cambrian 
sandstones in southeastern Yangtze, we therefore favour the intracontinental model 
(e.g. Li, 1998; Faure et al. 2009; Charvet et al. 2010; Li et al. 2010; Wang et al. 2010; 
Shu et al. 2014). In this model, the Yangtze and Cathaysia blocks had become a 
coherent block before the Cambrian period. Detritus from uplifted western Yangtze 
was transported along the Yangtze platform and deposited in central Yangtze 
(Xinhuang) (Figure 6.3a) as well as southeastern Yangtze (Xinning) (Figure 6.3b). 
Detritus shed from northern India or even eastern Africa (a Grenvillian-age orogen? 
see Yao et al. 2014 for detailed discussion) travelled to northern Cathaysia 
(Shaoguan) (Figure 6.3d, e) and all the way to southeastern Yangtze (Xinning) 
(Figure 6.3c). Since central Yangtze (Xinhuang) is located on the upper opposite 
slope of the Nanhua Basin, it was difficult for Indian detritus to reach that region. 
Provenance analyses of Cambrian sandstones across the Yangtze–Cathaysia 
boundary therefore provide evidence that argues against the existence of a broad 
Cambrian ocean, but is consistent with the intracontinental model which is also 
supported by sedimentary facies analyses across South China (Chen et al. 1995; Shu 
et al. 2014; W.H. Yao & Z.X. Li, unpub. data, 2014). Since southeastern Yangtze 
received shale and siliceous shale without clastic deposits in the lower Cambrian 
strata, it failed to record provenance mixing from the Cathaysia side. This may lead 
to the speculation that an ocean could have existed during the early Cambrian period. 
However, as mentioned before, such a speculation can be ruled out because there is 
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neither any record of an arc system nor any sign of convergent tectonics within the 
Nanhua Basin during the entire Cambrian period.   
 
Figure  6.5.  A  paleogeographic  reconstruction  of  South  China  on  the margin  of  eastern 
Gondwanaland  at  ca.  520 Ma  (modified  after  Yao  et  al.  2014),  showing mixing  of  two 
different detrital provenances at the Yangtze–Cathaysia boundary. 
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CHAPTER 7  SUMMARIES AND CONCLUSIONS 
7.1 Orogenic Collapse as a Mechanism for Widespread Syn- to Late- 
Orogenic Magmatism during the Wuyi–Yunkai Orogeny？ 
The early Palaeozoic South China features a wide occurrence of syn-orogenic 
high-grade metamorphism (ca. 460–440 Ma) in the core of the Wuyi–Yunkai orogen, 
and syn- to late-orogenic granites (ca. 440–415 Ma) in both the orogenic core and 
fold-and-thrust belt (Chapter 2, Figure 2.1a). However, neither syn- to late-orogenic 
volcanic rocks, nor mafic rocks of any type, have previously been reported, although 
such mafic rocks can shed clues on understanding any mantle–crust interaction 
during the Wuyi–Yunkai orogeny, and thus the geodynamic process involved.  
The Silurian mafic–intermediate volcanic succession reported in Chapter 2 from 
northern Guangdong, near the edge of the metamorphic orogenic core (Figure 2.1a), 
is the first reported mafic rock suite in the region. The volcanic succession 
unconformably overlies the strongly-deformed Cambro-Ordovician strata (deformed 
by the Wuyi–Yunkai orogeny before the eruption of the Silurian volcanic rocks), but 
are overlain, with a low-angle angular unconformity, by the post-orogenic 
middle-Devonian strata (Figure 2.1b). Geochronological and geochemical analyses 
show that the volcanic succession consists of basalts, andesites and dacites with a 
crystallization age of ca. 435 Ma. The basalts, characterised by high Mg content 
(MgO = 12.3–19.2 wt.%), low εNd(t) values (–8.0 to –8.4) and low Nb/La ratios 
(0.4–0.8), were likely derived from partial melting of an ancient hydrated and 
metasomatized sub-continental lithospheric mantle with a potential melting 
temperature of ~1300 °C. The andesites and dacites were likely generated from the 
same basaltic magma by AFC processes.  
The orogenic root delamination model (Figure 2.9), as proposed by Li et al. (2010), 
can best explain the generation of the Silurian volcanic rocks. Crustal shortening 
during the early stage of the Wuyi–Yunkai orogeny would have led to a thickened 
crust and high topography at the orogenic core, and the crustal root could have 
experienced eclogite facies metamorphism, causing the delamination of both the 
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eclogitic lower crust and the attached lithospheric mantle late during the orogenic 
cycle. The delamination likely caused partial melting near the edge of the remaining 
sub-continental lithospheric mantle by upwelling asthenosphere, producing the 
Silurian mafic–intermediate volcanic rocks. The widespread post-kinematic granites 
were likely caused by either the heat from the underplated basaltic magma, or 
decompressional melting of the lithosphere, or both (Figure 2.9), which is consistent 
with the observation that the age of the mafic–intermediate volcanism (ca. 435 Ma) 
post-dates that of the high-grade metamorphism (ca. 460–440 Ma), but synchronous 
with the widespread, dominant post-kinematic granites (ca. 440–415 Ma) (Li et al., 
2010). The model is subsequently supported by the reporting of ca. 425–435 Ma 
gabbroic rocks on the opposite edge of the Wuyi–Yunkai orogenic core (Wang et al., 
2013). 
7.2 Evolution of the Lower Palaeozoic Nanhua Foreland Basin: 
Record of Two Orogenic Events 
The Nanhua Basin in South China started as a failed rift basin during 
middle-Neoproterozoic (ca. 860–600 Ma), which covered the southeastern Yangtze 
and northwesten Cathaysia blocks (Wang and Li, 2003; Li et al., 2014). However, the 
post-600 Ma sedimentation of the Nanhua Basin was poorly understood and has been 
a topic of debate regarding its basin type, sedimentary history and tectonic 
relationship with the Wuyi–Yunkai orogen (e.g., Pan et al., 1984; Guo et al., 1989; Li, 
1998; Li et al., 2010; Wang et al., 2010; Jiang et al., 2014; Yao et al., 2014a). In this 
study we discussed the stratigraphic and provenance evolution of the early 
Palaeozoic Nanhua Basin in order to address its tectono-sedimentary relationship 
with relevant orogens (e.g., the Wuyi–Yunkai orogen).  
The stratigraphic study of four sections across the lower Palaeozoic Nanhua Basin 
(Chapter 4) shows that it is a northeasterly-oriented basin with thick clastic rocks 
developed on the southeastern side of the basin (Figure 4.9), which is bounded by, 
and partly got involved into, the Wuyi–Yunkai orogenic belt to the southeast (Li et al., 
2010). Investigations on magmatic rocks show no early Palaeozoic arc or arc-related 
magmatism in the southeastern SCB (e.g., Chen and Jahn, 1998; Zeng et al., 2008; Li 
et al., 2010; Wang et al., 2011; Yao et al., 2012). The general trend of 
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upwards-coarsening clastics, coupled upwards-shallowing water level across the 
basin, is indicative of a foreland basin infilling, which terminated in subaerial 
sedimentation in the distal basin. Based on the analysis of basin geometry and 
stratigraphy features, the lower Palaeozoic Nanhua Basin is interpreted as a 
peripheral foreland basin.  
The foreland basin evolution of the Nanhua Basin can be divided into two stages (see 
Chapter 4 for detailed discussion): (1) a Cambrian (and possibly Ediacaran) to 
earliest-Ordovician underfilled to filled stage with marine to shallow marine clastic 
facies covering the Cathaysia Block and part of the southeastern Yangtze Block; and 
(2) an early-Ordovician to Silurian overfilled stage with fluvial-dominated deltaic 
facies and possible alluvial facies covering majority of the Yangtze Block and part of 
the northern and southwestern Cathaysia block. Ediacaran–Cambrian provenance 
(Yao et al., 2014a) and lithostratigraphic (Yao et al., 2014b) analyses in the region 
indicate that the first stage of the Nanhua foreland basin may have started as early as 
the Ediacaran. The two stages of the foreland basin evolution were probably linked to 
two orogenic processes which affected South China: (1) the first stage was linked to 
an orogeny outboard the Cathaysia Block, resulted from the possible collision 
between the SCB and northern India during the assembly of Gondwanaland (Yao et 
al., 2014a). The second stage was linked to the local intraplate Wuyi–Yunkai orogeny 
in South China, which was caused by far-field stress from the aforementioned 
collision. An extremely thick package of Silurian marine sedimentary strata was 
deposited in the southwestern Cathaysia Block, inside the Wuyi–Yunkai orogenic 
core (the so-called "Qinfang Tough" in Chinese literature, Liu and Xu, 1994; Liu, 
1998; Xu et al., 2001). This abnormal Silurian package is considered to have started 
as a piggy-back basin among the fold-and-thrust belt of the orogen, which may have 
later become a graben during the orogenic collapse of the Wuyi–Yunkai orogen 
(Figure 4.10D). 
The provenance evolution of the Nanhua foreland basin was also studied in this 
thesis (Chapter 5). Ediacaran–Silurian sandstone/metasandstone samples from the 
basin were analysed to establish the tempo-spatial variations of provenance across 
the Nanhua foreland basin. Except for clastic samples from northeast Yangtze and a 
tuffaceous sample, all other samples exhibit a prominent population of 1100–900 Ma, 
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moderate populations of 850–700 Ma and 650–490 Ma, a minor population of 2500 
Ma, and scattering ages of 2000–1300 Ma (Figures 5.7–5.8) (Yao et al., 2014c), 
grossly matching that of crystalline and sedimentary rocks in northern India (see 
Chapter 5 for detailed discussion). Zircon Hf isotopes further reveal four episodes of 
juvenile crustal growth at 2.5 Ga, 1.8 Ga, 1.4 Ga and 1.0 Ga in the source region(s), 
all of which are consistent with crystalline basement compostions of northern Inda 
and surrounding orogens/cratons (see Chapter 3 and referecences therein). 
Utilizing the sedimentary evolution of the Nanhua foreland basin (Chapter 4) (Yao et 
al., 2014b) and the early Palaeozoic palaeogeography of South China (Figure 5.8) 
(Liu and Xu, 1994), we conclude that the Ediacaran–Cambrian sediments in the 
Nanhua foreland basin were probably sourced from northern India and adjacent 
orogens, and the Ordovician–Silurian sediments were derived from both locally 
recycled Ediacaran–Cambrian rocks and eroded Cathaysian basement rocks. The 
Wuyi–Yunkai late-orogenic magmatic rocks also contributed to the Silurian 
sediments in the basin (Yao et al., 2014c). The upper-Ordovician to Silurian samples 
in northeast Yangtze received higher proportions of detritus from local Cryogenian 
(850–700 Ma) rift-related magmatic rocks which were uplifted during 
late-Ordovician to Silurian time. We speculate that there was probably an 
Ediacaran–Cambrian collisional orogeny between South China and northern India, 
shedding sediments to the first stage of the Nanhua foreland basin. Far-field stress 
during this collisional orogeny triggered the Ordovician–Silurian intraplate 
Wuyi–Yunkai orogeny in South China, and erosion of the local Wuyi–Yunkai orogen 
provided detritus to the second stage of the Nanhua foreland basin (Yao et al., 
2014c). 
A spin-off of the provenance analyses across the Nanhua foreland basin was to 
examine whether there was a broad ocean between the Yangtze and Cathaysia blocks 
during the Cambrian (Chapter 6). The results reveal that detrital zircons of Cambrian 
sandstones from central Yangtze exhibit a major ~800 Ma age peak, being sourced 
from western Yangtze, whereas those from northwestern Cathaysia exhibit a major 
~980 Ma peak, being sourced from an exotic continent connecting to the Cathaysia 
Block at the time (i.e., northern India). However, mixed provenances are detected in 
Cambrian sandstones from southeastern Yangtze, indicating that detritus can travel 
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across the proposed oceanic suture, from Cathaysia to Yangtze. It therefore argues 
against the existence of a broad Cambrian ocean between the two blocks, but 
supports an intraplate regime for the region (Figure 6.4) (Yao et al., 2014d). 
7.3 Implications for Global Palaeogeography 
Last but not least, it is important to understand regional geotectonic events in a 
global context. Chapter 3 presents an integrated in-situ U–Pb age and Hf–O isotope 
analyses of detrital zircons from Cambrian sedimentary rocks in the southwestern 
South China. The results indicate that the source provenance of these Cambrian 
sandstones is distinctly different from the known tectonomagmatic record of South 
China (Figure 3.7), but matches well with that of the Ediacaran–Cambrian clastic 
sedimentary rocks and granitic intrusions in the NW Indian Himalaya (Figure 3.8). 
The SCB–NW India provenance linkage appears to have started from the Ediacaran. 
We propose that after breaking away from central Rodinia (e.g., Li et al., 2002, 2008), 
the SCB collided with NW India during the Ediacaran–Ordovician, causing the 
“Pan-African” orogeny at the northern margin of India as well as the intraplate 
Wuyi–Yunkai orogeny in South China, and the formation of foreland basins on both 
the northern Indian and South China sides of the orogen (Figure 3.9) (Yao et al., 
2014a).  
7.4 Conclusions  
This study, including the nature of the early Palaeozoic Wuyi–Yunkai orogeny and 
the evolution of the Nanhua Basin in South China, provides new insights on the 
geodynamics and palaeopositions of South China during the transition from the 
break-up the supercontinent Rodinia to the assembly of Gondwanaland. 
Provenance results from Ediacaran–Cambrian sandstone/metasandstone samples in 
the Cathaysia Block (part of South China) revealed that these sediments were mainly 
derived from the northern Indian margin and the adjacent East African orogen. 
Similarities between South China and northern India are not only found in their 
detrital provenances, but also in stratigraphy, magmatism, tectonic unconformity and 
palaeontology. It thus led to a self-consistent tectonic interpretation that after 
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breaking away from central Rodinia, South China probably collided with northern 
India during the Ediacaran–Ordovician, generating an orogen at the collision zone 
and foreland basins on both the Indian and South China sides of the orogen. The 
foreland basin on the South China side was the first stage (Ediacaran? to 
earliest-Ordovician) of the Nanhua foreland basin. The sedimentary evolution during 
this time interval shows that the Nanhua foreland basin was an underfilled to filled 
basin with marine turbidites and shallow marine deposits.  
During the early-Ordovician to Silurian, far-field stress from the SCB–northern India 
collision probably produced the intraplate Wuyi–Yunkai orogeny in South China. 
Provenance analysis suggests that most of the early-Ordovician to Silurian 
sandstones across the Nanhua foreland basin were likely derived from locally 
recycled Ediacaran to Cambrian rocks and eroded Cathaysian basement rocks. The 
Wuyi–Yunkai late-orogenic magmatic rocks (~435 Ma) also contributed to the 
Silurian sediments in the basin. Stratigraphic study shows that the Nanhua foreland 
basin was by then an overfilled basin with fluvial-dominated deltaic sediments, 
which covered much of the Yangtze Block and a part of the southwestern Cathaysia 
Block.  
Overall, the sedimentary process of the Nanhua foreland basin was linked to (1) the 
Ediacaran–Cambrian collisional orogeny between South China and northern India 
and (2) the Ordovician–Silurian intraplate Wuyi–Yunkai orogeny. The sedimentation 
of the basin featured upward-coarsening clastic deposition, upward-shallowing water, 
northwestward-migrating depocentres and northwest-directed transportation of 
detritus. The Wuyi–Yunkai orogen featured (1) an intraplate regime, which argues 
against the proposed broad Cambrian ocean between the Yangtze and Cathaysia 
blocks, and (2) a post-kinematic lithospheric delamination, which caused the 
orogenic collapse and widespread late-orogenic magmatism.  
7.5 Future Work 
This study interprets that South China likely collided with northern India to become 
part of Gondwanaland during the Ediacaran–Cambrian time. However, questions 
remain regarding exactly how the collision occurred and what other geological 
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evidence are there for such a collision (Li, 1998; Li and Powell, 2001; Yao et al., 
2014a). 
To advance our understanding on palaeopositions of South China in Gondwanaland 
and their geodynamic interactions, the following aspects of future research are 
crucial. (1) There are lower-Cambrian siliciclastic basin fills in the western and 
southwestern Yangtze Block that need to be better documented in both sedimentary 
stratigraphy and detrital provenance, so to understand whether these sediments had 
any connection with the proposed collision. (2) Early Palaeozoic volcanic and 
volcanoclastic rocks in the Nanhua foreland basin, if any, need to be analysed for 
geochronology, geochemistry and Hf–O and Sr–Nd isotopes to reveal their tectonic 
affinities. (3) The Hainan Island, located in southern Cathaysia Block, needs to be 
targeted for its lower Palaeozoic sedimentary rocks and magmatic rocks (if any), to 
better constrain the interaction between South China and other continents(s) during 
the Gondwana assembly. (4) The ca. 435 Ma basalts in Chapter 2 need to be further 
investigated in petrology (both in field and under microscope), to further explore its 
petrological and petrogenesis features. A systematic investigation of geochronology, 
petrology, geochemistry and isotopes on all early Palaeozoic granites in South China 
needs to be conducted. Granites need to be further compared with the basalts and 
mafic rocks (if any) in the region, to explore their relationship in petrogenesis and 
primary melts. Such work will thus help to establish the tempo-spatial magmatic 
evolution during the Ordovician–Silurian intraplate Wuyi–Yunkai orogeny. By 
answering these questions, it will help to better understand the geodynamic evolution 
of the South China Block from the late Neoproterozoic to early Palaeozoic and its 
global significance. 
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Appendix D2  P and D values of two-sample Kolmogorov–Smirnov 
(K–S) tests on Cambrian samples from central Yangtze (Xinhuang), 
southeastern Yangtze (Xinning) and northwestern Cathaysia 










Xinhuang  0.157 0.531 0.486 0.547 
Xinning (Wang) 0.158  0.392 0.348 0.397 
Xinning 0.000 0.000  0.169 0.168 
Shaoguan (Yao) 0.000 0.000 0.011  0.144 






 P value  
Note: The results reflect the input of both determined ages and errors for each zircon grain. All 
probabilities (P values) > 0.05 indicate that the confidence of which the pair of samples can be 
statistically distinguished is less than 95%. 
Sample probability plots: Xinhuang – Figure 6.3a, Xinning (Wang) – Figure 6.3b, Xinning – 
Figure 6.3c, Shaoguan (Yao) – Figure 6.3d, Shaoguan (Wang) – Figure 6.3e 
Appendix D3 
 401
Appendix D3  Zircon U–Pb Concordia age diagrams and histogram 
plots of lower Cambrian clastic samples from the Xinhuang area 
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